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PREFACE 


THE experimental work, consisting of the numerical and theo- 
retical results recorded in the following pages, was carried 
out in the years 1851 to 1885; the greater part of it, however, 
belongs to the last twenty years of that period, namely, to 
the time during which I held the position of Director of the 
Chemical Laboratory of the University. ‘The object of the 
research was to undertake in as systematic and complete a 
manner as possible the investigation of the heat-phenomena 
of the more important chemical reactions, and by the inter- 
pretation of these results to gain some further knowledge as 
to the real nature of chemical processes. 

The research as a whole, together with all the experimental 
details, was published during the years 1882 to 1886, in a 
four-volume work entitled, Zhermochemische Untersuchungen. 
This work is somewhat unique, inasmuch as the author in 
his endeavour to solve the problems under consideration has 
relied exclusively upon the results of his own original, numerical 
determinations, which number many thousands. 

The importance of these results has been in no way 
lessened by the passage of years, but the manner in which 
they have been represented and applied has often proved 
misleading, and more especially their authorship has frequently 
remained unacknowledged. It has, therefore, long been my 
desire to render the original results more accessible than 
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was possible when the larger work, Zhermochemische Unter- 
suchungen, had to be consulted. 

In the present volume I shall therefore review the whole 
of the numerical and theoretical results without devoting much 
space to experimental details, since these are of value only 
to those who intend to make a thorough study of the subject, 
and consequently wish to form their own opinion as to the 
reliance which may be placed upon the numerical values 
recorded, or else to those who look for guidance in the appli- 
cation of the same methods to new problems. It has thus 
been possible to reduce the size of the book to about one-fifth 
of that of the original work, and at the same time to provide 
easy access to the results themselves. 

Moreover, it was also my desire that there should be a 
permanent record in the Danish language of the large amount 
of experimental work carried out at one of the scientific 
institutes of Denmark, the value of which will certainly be 
maintained as time goes on. 

JULIUS THOMSEN. 


CopENHAGEN, 
January, 1905. 


TRANSLATORS PREFACE 


iN presenting the researches of Professor Julius Thomsen to 
the English scientific public, the translator must call attention 
to the fact that since the fourth volume of Zhermochemische 
Untersuchungen was published in 1886, the conception of 
ionization has been introduced into chemistry, and that many 
of tke statements which Professor Thomsen has made in these 
pages are now generally interpreted by the light of that theory. 
For ezample, on page 123, the author has written in the Danish 
edition of his book: “ From a general chemical standpoint, 
neutralzation is regarded as a union of acid and base with 
formaticn of water,” etc. This has been changed by the 
translata into: “From a general chemical standpoint, neu- 
tralization is regarded as a union of acid hydrogen and basic 
hydroxyl to form water,” etc. In many cases, however, it has 
not been possible to convert the older conceptions so simply into 
their moden form; and the reader must remember to place 
the modera interpretation on the figures given should he so 
desire. As another example, Professor Thomsen remarks on 
page 154, ‘The avidity does not appear to be proportional 
to any othe: property of the acid,” etc. It is now known 
that “avidity” is proportional to ionization, and is increased 
by dilution, and that it stands in close relationship to many 
other propertes, such as electric conductivity and osmotic 
pressure. Moit of the numerical relationships, however, shown 
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by Professor Thomsen are independent of theory, and will 
no doubt serve later on as a basis for some comprehensive 
explanation of the transferences of energy which accompany 


chemical reactions. 
K, A. BURKE. 


UNIVERSITY OF LONDON, 
UNIVERSITY COLLEGE, 
December, 1907. 
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THERMOCHEMISITRY 


INTRODUCTION 


1. THE OBJECT OF THERMOCHEMICAL RESEARCH, 


THE molecular theory of chemistry as generally accepted is based 
upon the assumption that matter is composed of molecules, 
and that these again are made up of atoms. The physical 
condition of a body is dependent upon the arrangement and 
motion of the molecules, and the remaining physical and 
chemical properties of the substance are determined by the 
nature and number of the atoms in the molecule, and by their 
grouping and relative movements. 

Every operation which produces a change in the internal 
structure of the molecule ts a chemical process. This change may 
take place in various ways; it may be due to a re-arrangement 
of the atoms within the limits of the molecule, whereby an 
isomer or metamer of the original substance is formed ; or to 
a division of the molecule into several molecules, when the 
process is known as a splitting up or dissociation; or it may 
be a union of several similar molecules, when it is known 
as association, condensation, or addition ; or, finally, it may be 
the result of the interaction of dissimilar molecules, which by 
interchange of atoms give rise to new molecules, and this is 
the most frequently occurring form of chemical process. 

From the law of the conservation of matter, it is evident that 
the masses of the substances which take part in a chemical 
process must be equal to those of the products formed; and 
the quantitative determination of the composition of a 
substance is based upon this assumption, 

It also follows necessarily from the law of the conservation 
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of energy that energy can neither be destroyed nor created, and 
that as a consequence the total energy of the reacting sub- 
stances ,in a chemical process will reappear in the products of 
the reaction, though possibly in a different form; and it is 
this constancy which forms the basis of quantitative thermo- 
chemistry. 

The energy of a molecule is always the same at the same 
temperature ; any increase or diminution in the energy of a 
molecule, without a corresponding change of internal structure, 
will therefore manifest itself by an increase or decrease in the 
temperature (or by a change in the electrical condition) of the 
substance in question. 

When in a chemical process there is a change in the 
configuration of the molecules, the relative position of 
the atoms is altered, new relations are set up between them, 
and the new molecules come into being with a potential 
energy which may be greater or less than that of the original 
molecules, and this change will as a rule be manifested by a 
rise or fall in temperature, 

The simplest relation naturally occurs on formation of 
isomeric or metameric substances, where the change is limited 
to an alteration in the relative positions of the atoms within 
the molecule, as a result of which the stability will be either 
increased or lessened. This will be accompanied by a 
respective rise or fall in the temperature of the substance in 
question, and there will therefore be a ¢hermad effect ; that is 
to say, an evolution or absorption of heat. 

Similar relations hold for other chemical processes. When 
the molecules formed in a reaction contain a smaller amount 
of energy than those from which they were derived, the pro- 
cess will be accompanied by a rise in temperature, which will 
as a rule be greater in proportion to the amount of change 
brought about in the configuration of the molecule. If the 
reaction proceeds rapidly, the rise in temperature may even 
approach a red heat; then the process is of the nature of a 
combustion. 

The main object of quantitative thermochemical research is 


the measurement of the amount of heat developed or absorbed 
¢ 
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in chemical processes. These values do not give us any 
direct information as to the magnitude of the forces which 
influence chemical reactions, partly because they only express 
the difference between the energy of the original molecules 
and that of those subsequently formed, and partly because 
they are very frequently influenced by external conditions ; 
but nevertheless they afford valuable material upon which 
may be based certain theoretical conclusions. Thus the 
principal aim of thermochemistry is the application of the 
laws of dynamics to chemical processes in order to increase 
our knowledge of chemical compounds, that is, of the con- 
stitution of molecules. 

Great uncertainty still prevails as to the configuration of 
molecules and the true nature of atoms; all that we really 
know is the relative number of atoms in the molecule, their 
relative masses, and the existence of certain groups of atoms or 
radicals. But our knowledge is still extremely limited with 
respect to the forces which prevail in the molecules, and which 
lead to their formation or decomposition. 

The influence of dissimilar molecules on each other is 
apparently independent of their masses, since it sometimes 
manifests itself as an attraction, sometimes as a repulsion ; 
and moreover the power that the atoms have to combine 
with other atoms is limited by definite conditions (valency). 
But a satisfactory explanation of these important facts has not 
yet been discovered. 

It is therefore not yet possible to extend to chemical pro- 
cesses that complete mathematical treatment which has been 
applied to the phenomena of physics and astronomy ; for the 
essential condition for a mathematical treatment is wanting, 
namely, a knowledge of the fundamental laws which determine 
the operations of atoms. But every decade chemistry ap- 
proaches more and more nearly to an exact science, and as 
the outcome of practical experience we can deduce many 
possible new laws of more or less general application. ‘The 
immense amount of material available is already to some 
extent co-ordinated, and substances are divided into com- 
prehensive groups, the members of which follow the same 
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rules or laws with respect to their formation or decomposition, 
and of which the properties can be partly predicted from the 
configuration of the molecules. 

There can therefore be no doubt but that the reciprocal 
relations of atoms, their mutual attractions, and the very 
varying influences they exert on each other, in other words 
their affinities, are in accordance with the general mechanical 
laws of both dynamical and statical phenomena; and “Ze 
“right of the stronger” holds good in the province of chemistry 
as well as in that of mechanics. It is owing to this that we 
can establish laws for the statics and dynamics of chemical 
phenomena, even although the actual nature of affinity is 
unknown. 


2. 'THERMOCHEMICAL FORMUL/ AND SYMBOLS. 


A chemical reaction is usually expressed by means of an 
equation which represents the reacting substances as well as 
the products formed. But the reaction is as a rule associated 
with certain heat phenomena ; that is to say, there is generally 
a difference between the energy content of the reacting sub- 
stances and that of the products formed. When this difference 
is positive an evolution of heat takes place; on the other 
hand, when it is negative the products formed are at a lower 
temperature than were the reacting substances ; in other words, 
a cooling effect is produced due to the absorption of heat. 

The complete representation of a chemical reaction must 
therefore contain an additional term corresponding to the 
change of energy ; for example 

Cl, + H, = 2HCi+ V 
fn + 2HCl= ZnrCl, + H,+ V’', 


where VY and V' express the thermal phenomena attendant 
upon the process, and therefore give the number of units of 
heat which are liberated or bound as a result of the difference 
in the energy content of the original substances and of that of 
the products formed. 

I use the words “ ¢hermal effect” as a general expression 
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for the evolution or absorption of heat attendant upon a 
chemical reaction; thus in the first case this value will be 
positive, in the second negative. ; 

The thermal effect associated with the formation of the 
compound X,Y,Z, from its constituents X,, Y,, and Z,, is 
expressed by the formula 


Cal) ie. arn) 


which contains the symbols of the elements, separated by 
commas, and enclosed within a bracket. 

The constituents from which a compound is formed, as well 
as the product itself, are always assumed to be present in that 
state of aggregation (solid, liguid, or gaseous) in which the 
substances exist under ordinary conditions at a temperature of 
Jrom 18° to 20°C., at which all the determinations were made. 
When the measurements are carried out at any other tempera- 
ture this is always specially mentioned. 

We may take as an example the formation of lead sulphate, 
PbSO,. If we assume the compound to be formed from the 
elements lead, sulphur, and oxygen, the formula representing 
the thermal effect will be 


(22,45, 0.) 
on the other hand, the formule are respectively 
(FOS, 0,), (£60, 305), 2£80;, SO,), 


according to whether the formation of the lead sulphate takes 
place by the oxidation of lead sulphide, or by the combination 
of lead monoxide with sulphur trioxide, or by the reaction 
between the dioxides of lead and sulphur. 

In accordance with formula (1) 


ee. a oa 


represents the heat of solution of the substance ; that is to say, 
the thermal effect due to the solution of the substance in 
water at the normal temperature of from 18° to 20°. Strictly 
speaking, the formula should refer to the heat of solution in an 
infinitely large amount of water, but it is usually given for an 
amount equal to from 200-400 gram-molecules of water for 
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each gram-molecule of the substance, and thus corresponds to 
the formula 


(X, ¥,, 20027,0), ete. 


If we assume that the substance is formed in the presence 
of a larger amount of water, in which it subsequently dissolves, 
the thermal effect will be 


(Xv Y,, Aq) = (Aq Y,) + (X, Y,, Aq) . (3) 


In certain cases the formula 
oo «ee ee ee 


is employed instead of formula (1), in order to indicate that 
the substances X, and Y, do not unite directly to form a new 
substance, but that they decompose each other. Thus while 
the formula (gO, Cz) represents the thermal effect of the 
combination of chlorine with mercuric oxide to form an 
oxychloride, (#gO: CZ) on the other hand expresses the 
thermal effect on formation of mercuric chloride and free 
oxygen. ‘The last reaction is that which is usually known as 
a “ single decomposition,” and the formula will be 


(X¥:2)=(X,2-(X%,Y). . . G) 
For instance, the thermal effect of the action of zinc upon 
gaseous hydrogen chloride is represented by 

(Zn: 2HCl) = (Zn, Cl.) — 2(H, Ci), 


or the decomposition of an aqueous solution of copper sulphate 
by means of iron by 


(CuS0,Aq : Fe) = (Fe,SO,Ag) — (Cu, SO,Aq). 


The equation for the thermal effect of a “ double decom- 
position,” as when XY and ZV suffer mutual decomposition 
with the formation of XZ and YV, is expressed by 

(X¥:ZV) =(X,2)+(¥, V)-(X%, ¥)-ZV) . (6) 


as for example in the reaction between lead oxide and 
hydrogen sulphide 


(PbO : H,S) = (Pb, S) + (Hy, O) — (Pb, 0) — (Hy S). 


INTRODUCTION 7 


Finally, I use the formula 
(xX, V4.) e : ¢ < » s s (7) 


to represent the amount of energy associated with the molecule 
eS ies 

There are, therefore, in all three different expressions which 
are employed in thermochemical equations, namely 


(X, Y;), (X,* Y;), and (4. %). 


The jirst gives the thermal effect of the combination of the 
reacting constituents XY, and Y,; the second the thermal effect 
due to the mutual decomposition of the same substances ; and 
the ‘Aird the amount of energy associated with the substance 
XY. 

The thermal unit used is the calory, that is to say, that 
amount of heat required to raise 1 gram of water through 1° C. 
when the temperature is between 18° and 20°. ‘The wit of 
weight is the gram, since the atomic weight of oxygen is taken 
as 16 grams. ‘Thus 


(Zi, Ch) = 44,000 € 


indicates that 1 gram-molecule of hydrogen and 1 gram-mole- 
cule of chlorine unite to form 2 gram-molecules of C7, or 
73 grams of hydrogen chloride, with an evolution of 44,000 
calories ; whilst 

(M2, O:) = —43,150C 


signifies that the formation of 2 gram-molecules, or 60 grams, 
of nitric oxide from nitrogen and oxygen is attended by an 
absorption of 43,150 calories. 


3. THERMOCHEMICAL PRINCIPLES. 


Some of the main propositions upon which thermochemical 
researches are based can be derived @ priori from the law of 
the conservation of energy. In 1853 and the following years I 
published a number of papers in Poggendorff’s Annalen der 
Physik und Chemie, in which I drew attention to certain of 
these conclusions, and pointed out their significance in the 
interpretation of the results of thermochemical experiments. 
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I laid especial stress upon the following laws, which we shall 
frequently have occasion to use :— 

The magnitude of the thermal effect on formation of a chemical 
compound is equal to the difference between the sum of the energy 
content of the reacting substances and that of the compound formed. 
This is expressed by the equation 


(P, Q) = (P) + (Q)- (PQ) - + + (8) 


in which (?), (Q), and (PQ) represent respectively the amounts 
of snergy associated with the constituents and with the com- 
pound itself. Hence it follows that— 

When the sum of the energy content of the reacting substances 
is greater than that of the compound formed, the process will be 
attended by an evolution of heat ; in the opposite case an absorp- 
tion of heat will ensue. 

From the reverse equation 

(Ay Q) = —(2) — (2) +2) 
it follows that the thermal effect on the decomposition of a com- 
pound into its constituents is equal in value, but opposite in sign, 
to that which occurs on formation of the compound from the same 
constituents. 

Furthermore, it is evident from the law of the conservation 
of energy that: When a group of substances pass through a 
series of successive chemical reactions of such a nature that the 
final products are identical with those originally present, the sum 
of the thermal effects of the combined processes will be equal to 
zero, provided always that no external source of energy ts allowed 
to influence the system. Thus if we suppose that in the first 
instance the substances /, Q, A, and S unite directly to form 
PQRS, and that this compound is then split up into ?Q 
and £#S, and that these new compounds are finally again 
resolved into their original constituents, we shall then have 


(P, Q, RS) — (PQ, RS) — (P, Q) — (B, S) = 9, 
from which we can derive the equation 


(P, Q, RS) = (F, Q) + (#, S) + (PQ, RS). (9) 


and this may be expressed as follows :— 
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The thermal effect due to the formation of a compound from 
the same constituents has always the same value, no matter 
whether the compound ts formed directly or by successive stages ; 
or more generally, when the same products are formed from the 
same constituents in a variety of ways, but without the agency of 
any source of external energy, the total thermal effect will always 
be the same, and its magnitude is dependent only upon the con- 
dition in which the reacting substances exist at the beginning and 
end of the course of reactions. 

The preceding law is of considerable importance in 
thermochemical research, and has been extensively used in 
settling the thermal effect of a number of chemical processes ; 
as, for example, the heats of formation of the majority of 
organic substances. 


The collective results of my researches are divided into four 
main divisions. art /. contains the results of determinations 
of the thermal effect on formation of aqueous solutions, to- 
gether with an account of their properties. ‘The contents of 
the seven chapters include the heats of solution, and their 
dependence upon the amount of water; partial decomposition 
in aqueous solution ; and dependence of the thermal effect upon 
the temperatures and specific heats of the liquids, based on an 
investigation of the specific heats of the solutions. 

In Part 7. are given the results of determinations of the 
thermal effect on formation of compounds composed of non- 
metals only. 

Part Lff, deals with the investigation of the compounds 
between metals and non-metals ; that is, with the formation of 
the oxides, hydroxides, sulphides, salts, etc. 

Finally, in Part ZV. will be found an account of the ther- 
mochemistry of organic substances. Each Part will contain a 
chapter dealing with the subject from the theoretical stand- 
point. 
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EXPERIMENTAL CALORIMETRIC METHODS 


I. DESCRIPTION OF THE METHOD,! 


‘The majority of organic substances cannot be formed directly 
from their elements in a manner suitabie to the quantitative 
determination of their heats of formation. An alternative 
method must therefore usually be adopted for calorimetric 
purposes, and, as described in the opening paragraphs of 
Chapter. XIIL., it is generally possible to determine the heats 
of formation indirectly from a knowledge of the heat of com- 
bustion of the substance and of the heats of formation of the 
products of its decomposition. If, for instance, the molecular 
formula of the substance which has undergone combustion is 
Cf7Z,,0,, the heat of combustion will correspond to (C,,, HZ, O.). 

To express the heat of combustion I make use of an 
abbreviated formula, writing 

S( Ci, O.) Jor (CZs is Oa +-b— ob 
We then have the equation 
(Coy Hoy O,) + f Cally O, = a(C, O;) + ba, O). 

That is to say, from the elements @ atoms of carbon, 2d 
atoms of hydrogen, and ¢ atoms of oxygen, we have formed 
on the one hand C,/Z,,0,, which is oxidized by the rest of the 
oxygen into @ molecules of carbon dioxide and 4 molecules 
of water (see left-hand side of the equation) ; on the other hand, 
the @ atoms of carbon and the 2 atoms of hydrogen are 
converted by means of the 2@-+-é atoms of oxygen into a 
molecules of carbon dioxide and 2 molecules of water (see 
right-hand side of the equation). 

The total amount of heat should.be the same in the two 
cases, since the same products are formed froin the same 
elements, so that the heat of formation of the combination is 


(C,, Hy, O,) = a(C, Og) + b(Hy O) — f.C,L 0 


1 Note by Tvranslator.—The experimental details contained in this 
chapter are abstracted from Zhermochemische Untersuchungen, vol. iv., 
and do not form part of the Danish work, 7hermokemiske Resuiltater, 
of which the rest of the book is a translation. 
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The heat of combustion of organic bodies, apart from its 
technical importance, is not in itself of any special interest, since 
it represents the sum of the thermal effects of a number of 
phenomena, and does not furnish us with any insight into the 
nature of the substances. We can, it is true, trace certain 
relationships between the heats of combustion and the other 
properties of the bodies in question, but these are not of any 
particular value, since the heats of combustion of the con- 
stituents exercise a very great influence upon that of the body 
itself; whilst the characteristic thermal property of each 
body (that is to say, the heat of formation, sometimes positive, 
sometimes negative) is relatively much smaller, and, in com- 
parison with the other properties of which we shall have to 
speak, frequently does not manifest itself in a sufficiently 
definite manner. 

Nevertheless, a knowledge of the heats of combustion of 
substances is of fundamental importance in thermochemical 
research, since by means of this and of certain other values, 
namely, the heats of combustion of the constituent elements, 
the capacity for heat, and the latent heat of the body and of its 
constituents, etc., we can calculate the heat of formation. It 
is easy to see that the value of the heat of formation will vary 
somewhat according to which of the specified values be selected 
for the calculation ; but in any case the data furnished by the 
experimental determinations of the heats of combustion are 
always available, and by means of this fundamental value 
different experimenters can determine the heat of formation 
itself, by making use of such supplementary data as seem to 
them the most accurate. 

It is self-evident that the heat of formation of a body will 
be different according to whether it is given for the body in the 
solid, liquid, or gaseous state; it is therefore advisable that 
when comparing the heats of formation the substances should 
always be in the same physical condition, and the gaseous state 
has been found most suitable for this purpose. I have con- 
sequently based my researches upon an examination of volatile 
organic substances, and in every experiment have measured 
.the heat of combustion directly in the state of gas or vapour. 
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Amongst the immense number of organic compounds 
actually known to us, it was obviously necessary to restrict the 
experimental researches within somewhat narrow limits, in 
order that the data obtained might bear some relation to each 
other, and not consist only of a number of isolated examples. 
I therefore decided to study a few of the most important 
groups of substances as completely as possible, so that the 
conclusions drawn from the results might have a greater theo- 
retical value, rather than to undertake an investigation of the 
reactions of a number of substances differing widely in 
constitution. 

The choice of material was determined by the following 
conditions: First of all, could the body be obtained in a suf- 
ficiently pure state? secondly, was it a gas, or had it a boiling- 
point low enough for practical purposes? and finally, did the 
body belong to a group of substances of any theoretical 
importance? About 120 organic compounds were eventually 
selected for investigation ; these substances belong to the fol- 
lowing groups: Aydrocarbons ; chlorine, bromine, and iodine 
compounds ; alcohols; acads; aldehydes; ketones; oxides of 
alcohol radicals ; sulphur compounds ; esters ; amines ; nitrogen 
compounds and substances related to them. 

I usually studied the first member of each series, and, when 
possible, some of its homologues. In the substances studied 
the number of atoms of carbon in the molecule was rarely 
greater than six; in the aromatic compounds, however, sub- 
stances containing as many as nine atoms of carbon in the 
molecule were studied, since the first member already contains 
six. The reason for this limitation is that compounds con- 
taining a large number of carbon atoms have very large heats 
of combustion, and as the percentage error in combustion 
experiments is always about the same, the actual numerical 
accuracy of the heats of combustion will vary according to the 
number of carbon atoms. Now the calculation of the heats 
of formation ate based upon the values found for the heats 
of combustion; hence the former magnitudes will be greatly 
influenced by the total numerical error of the latter. And as 
each new atom of carbon that enters into the molecule in a 
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series of homologous compounds increases the heat of com- 
bustion about twenty-five times as much as it does the heat 
of formation, the numerical error of this last value, when 
calculated in the manner mentioned above, will vary very con- 
siderably with the amount of carbon in the molecule. With 
a molecule containing eight atoms of carbon the heat of com- 
bustion will be of the order of a million units, and a possible 
error of + per cent. in this value will occasion a variation of 
some thousands of units in the heat of formation. Combustion 
experiments are therefore not adapted to the study of the 
thermal properties of substances containing a large number 
of carbon atoms in the molecule, nor is there any other method 
known which is suited to the purpose ; but for the first members 
of each series a measure of the heats of combustion provides 
most valuable data; moreover, the experiments can be very 
easily carried out, and the products of combustion are all well- 
known substances, such as water, carbon dioxide, etc. 

My researches were consequently confined to volatile 
organic compounds, the heats of formation of which were 
almost exclusively deduced from their heats of combustion. 


II. DESCRIPTION OF THE APPARATUS. 
1. Method of obtaining a Steady Combustion. 


The apparatus employed in the measurement of the heats 
of combustion is practically independent of the nature of the 
substances to be studied. The method is reduced to its 
simplest form when dealing with gases, for in this case the dry 
gas is collected over mercury in a gasometer, and then led with 
a regulated velocity into the calorimeter where it is burned 
in oxygen. 

If the gas has a high percentage of carbon, and burns with 
a smoky flame, it is necessary to dilute it in the gasometer ; 
for this purpose we make use, according to the conditions, of 
nitrogen, or atmospheric air, or of air mixed with varying 
proportions of oxygen, in such a manner that the quantity of 
oxygen introduced into the mixed gases amounts to from 40 
to 50 per cent. of the total volume. 
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In this manner we can obtain a gaseous mixture in which 
the substance burns completely in the oxygen in the calori- 
meter, and without the production of soot or the deposition of 
graphite in the orifice of the burner. 

The oxygen used in the combustions is stored in a dry 
gas-holder, and is led with a regulated and constant velocity 
into the calorimeter, where combustion takes place under 
atmospheric pressure; any irregularities are eliminated by 
means of certain arrangements which will subsequently be 
described (see below). 

The gases issuing from the calorimeter contain different 
products according to the composition of the substance under 
examination ; when the latter contains only carbon, hydrogen, 
and oxygen, the products consist solely of carbon dioxide and 
water, mixed with the excess of oxygen, for the passage of the 
gases through the calorimeter is so arranged that about half of 
the total amount of oxygen is found in excess at the exit of 
the calorimeter. 

In nearly all the combustions a small quantity of nitric 
acid is formed at the expense either of the air contained in the 
apparatus at the beginning of the experiment, or of the air 
which had been mixed with the gas. The nitric acid formed 
becomes more important when the substance itself contains 
nitrogen, as, for example,,the amines and nitriles; and it is 
formed in even greater quantity when the nitrogen of the 
compound is present in direct combination with oxygen, as in 
the case of nitroso-compounds, and the nitrites and nitrates of 
alcohol radicals. In the last case especial account must be 
taken of it, but otherwise the quantity of nitric oxide formed, 
which unites with the water and oxygen to form nitric acid 
and then dissolves in the water, is too small to influence 
sensibly the heat of combustion. 

The gases which come off are passed through a U-tube 
containing sulphuric and chromic acids, by means of which the 
last traces of nitric oxide are removed before the gases arrive 
at the apparatus where the carbon dioxide is absorbed. 

I satisfied myself by a special series of preliminary ex- 
periments that under the conditions employed the combustion 
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is as complete as possible, and that any secondary products, 
such as carbon monoxide, that might be formed are so minute 
in quantity that their influence may be neglected in calculating 
the heats of combustion. In any case, the apparatus necessary 
for the determination of these products would introduce con- 
siderable complications, and would lead only to a very 
uncertain correction, or at any rate to one falling within the 
limits of errors of observation, and, what is more, obtained at 
the expense of the accuracy of the calorimetric measurements. 
I have, therefore, in every case assumed the combustion to be 
complete, and have calculated the thermal values on this 
supposition. 

An absolutely regular rate of combustion is obtained by 
eliminating all variations of atmosphere pressure during the 
course of the experiment, which is easily accomplished by the 
following arrangement. ‘The gases, oxygen and substance to 
be burnt, flow through the calorimeter with a constant velocity, 
which, when once established, does not change. Just before 
the entrance to the calorimeter the gases pass through a region 
tightly packed with capillary tubing ; this produces a sufficient 
difference between the internal and external pressure in the 
space where the combustion takes place to render any stoppage 
or back-flow of the current of gas impossible, and the fluctua- 
tions are reduced to a minimum. ‘The products of com- 
bustion issuing from the calorimeter must also pass through a 
constricted portion of the circuit before arriving at the absorp- 
tion apparatus. A Liebig’s potash bulb is used to absorb the 
two to four grams of carbon dioxide resulting from the com- 
bustion, and the use of this apparatus produces continual 
oscillations of pressure. 

These oscillations are completely eliminated by sending the 
gases through another constricted portion of the circuit before 
they arrive at the potash bulbs. The U-tubes for the absorp- 
tion of the nitric oxide and water vapour are placed between 
these two constricted areas, so that the space within these 
tubes forms a sort of reservoir, by means of which the oscilla- 
tions of the current of gas are equalized, and a water mano- 
meter connecting this part of the circuit to the exit tube of 
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the combustion chamber does not show any variations of 
pressure. 

The gases issuing from the absorption tubes reach an 
aspirator, where the pressure is kept constant, and so regulated 
that the water-manometer in the circuit indicates a constant 
depression of about 1 cm. ‘The combustion therefore takes 
place under the same conditions as would exist in a free 
atmosphere rich in oxygen. 

When the substance under examination is not a gas, a 
“universal burner” is used, in which it is burnt in the state of 
vapour. With a substance of low boiling-point, containing 
two or three atoms of carbon and a large number of hydrogen 
atoms in the molecule, it is possible to carry out the experiment 
at the boiling-point of the liquid. If, on the contrary, the 
substance has a high boiling-point, or is rich in carbon, it is 
diluted with air as it arrives above the jet of the universal 
burner; in this manner the temperature is reduced, and the 
vapour reaches the calorimeter at a temperature below the 
boiling-point. In such a case, to ensure a steady combustion, 
it is necessary to have an additional constriction in the circuit, 
and to reduce the size of the platinum tube which forms the 
orifice of the burner. In other respects the combustion is 
carried out as in the case of gases, only that special care must 
be taken to regulate the flame of the burner before starting an 
experiment, in order to avoid any irregularities. 


2. Calorimeter. 


The calorimeter used in the experiments described is 
represented in Fig. 1, The interior is of platinum, and con- 
sists of a combustion chamber, a, of 200 c.c. capacity, sur- 
rounded by a spiral tube, ec, 1°8 metres long and 5 mm. in 
diameter, through which the gases pass to the absorption 
tubes. At the bottom of the combustion chamber is an 
opening, g, into which a conical platinum tube is soldered. 
This tube serves to support the combustion chamber within 
the outer chamber of the calorimeter, through the floor 


of which it is soldered. The universal burner, which will 
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subsequently be described, is inserted into the opening g, 
and is connected up with the tubes conveying the oxygen and 
the substance about to undergo combustion. 

The calorimeter chamber, A, which has a capacity of 
about 3 litres (in some of the earlier experiments a similar 
apparatus of only 2 litres 
capacity was used), is 
made of brass, and is sup- 
ported upon three points 
fixed to a tripod stand; 
it is closed at the top 
by means of an ebonite 
cover, ¢ Jt was not con- 
sidered necessary to sur- 
round the calorimeter with 
a series of external sackets, 
since it was possible to 
arrange so that the tem- 
perature of the laboratory, 
where the experiments 
were carried out, did not 
vary by more than one- 
tenth of a degree during 
the course of several 
hours. The calorimeter 
thus stands free in the air, and is simply protected by an 
ebonite cylinder, ¢, open at each end, from any possible 
radiation from the person of the experimenter. This screen: 
is supported upon three points, and in no way interferes with 
the free circulation of the air around the calorimeter. 

The water in the calorimeter is kept in continual motion 
by means of a circular stirrer passing between the walls of the 
combustion chamber and the spiral tube; the stirrer is worked 
by a small motor, which is represented in Fig. 5, E. 

There are four openings in the ebonite cover of the calori- 
meter, one for the thermometer, another for the spiral tube, 
whilst the other two serve for the passage of the wires in 
connection with the stirring apparatus, 

T.P.C. res 


FIG. I. 
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3. Apparatus for supplying the Oxygen. 


The oxygen required for the combustion is led into the 
calorimeter from the apparatus represented in Fig. 5. This 
is so arranged that the oxygen arrives at the calorimeter with 
a regular velocity, which is independent of the level of the 
water in the gasholders A and B. ‘The velocity is deter- 
mined by the position of the reservoir A, which is therefore 
placed at the height necessary to ensure the requisite supply 
of oxygen; and, once this velocity has been established, the 
gasometer will always provide the same amount of oxygen in 
the same time. The manipulation of this gasometer has been 
arranged in such a manner that it is never necessary to alter 
its position, no matter whether it empties itself or whether it 
has to be refilled with gas. 

Before passing into the gasometer, the oxygen, prepared 
from potassium chlorate, is purified by means of a concen- 
trated solution of potash; it is therefore quite dry on arriving 
at the calorimeter. It has already been stated that in its 
passage through the tubes leading to the calorimeter the 
oxygen is obliged to pass through a capillary tube or a 
cotton-wool plug in order to eliminate any variations of 
pressure. 


4. Apparatus for supplying the Gas. 


Whilst the oxygen is collected over water, a mercury gaso- 
meter is used for storing the gas about to undergo combustion. 
This apparatus is represented in Fig. 5, and consists of two 
jars, Cand D ; the former contains the gas under examination, 
which is displaced by means of the mercury in D, C has a 
capacity of about 3 litres; D, on the other hand, contains 
only 1 litre, since it is rare that more than a litre of gas is 
required for each experiment. It is essential that this part 
of the apparatus be arranged so that the gas will flow out 
with a velocity which remains constant during the course of 
an experiment, and, moreover, it must be adjustable for the 
different gases used. 

This constant flow is obtained by arranging the jar D as 
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a Mariotte’s flask. ‘The air necessary to replace the mercury 
which flows out enters by the tube J, which passes down 
almost to the bottom of the jar. In order, as far as possible, 
to avoid any bumping of the mercury, due to the passage of 
the gas, a narrow lateral opening is made at the lower end of 
the tube; and, in addition, the external opening is drawn out 
to a fine point, so that the air enters very slowly, and only 
very small bubbles of air are formed as the mercury flows out. 
The apparatus thus formed acts just as satisfactorily as if it 
were filled with water. 

It is possible to adjust the rate of flow by connecting the 
metal tap c, by means of a piece of indiarubber tubing, with 
one or other of the glass tubes ¢@ These tubes vary in 
diameter, and allow the passage of from o’5 to 1 litre of 
mercury in ten minutes when the tube @ is fixed to the jar. 
Thus for each special experiment that tube is chosen which 
lets through the requisite amount of mercury in the time. 

The mercury from D flows into the tube ¢, open at its 
upper end, which is in connection with the gas-holder C, and 
the rise in pressure is recorded by the mercury manometer &. 
If now the taps g and % are open, and the tap 7 is closed, 
the gas will necessarily pass out through g and %. It is pos- 
sible by means of the tap # to set up a resistance sufficient 
to produce an excess of pressure, of, for example, 2 centimetres, 
in the gas-holder, and this remains constant as long as the 
motion of the mercury continues. When the experiment is 
finished, the taps ¢ and gare turned off, but 4 is not touched. 
The apparatus is then ready for another experiment, since 
as soon as ¢ and g are opened, the flow of gas is brought about 
by means of the excess pressure described above. 

To fill the reservoir with gas, the taps z and Zare opened, 
when the mercury flows out of / and the gas enters through 2. 


5. Universal Burner for Volatile Organic Substances. 


By means of the universal burner it is possible to bring 
about the combustion of almost all volatile organic com- 
pounds of which the boiling-point is not too high, and this is 
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effected either at the boiling-point or at a lower temperature ; 
in the latter case the substance is volatilized at a suitable 
temperature by means of a current of gas. As, for this pur- 
pose, either ordinary air, or varying quantities of oxygen 
and nitrogen, or hydrogen may be used, it is possible 
thus to effect the combustion both of those substances 
which under ordinary conditions give rise 
to smoky flames, and which when burnt 
in an atmosphere of oxygen tend to block 
up the orifice of the burner with graphite, 
as well as of those substances which are 
not themselves combustible; as, for 
example, many chlorine derivatives, such 
as the chlorides of carbon, chloroform, 
etc., and of which a complete combustion 
can only be brought about by means of 
the universal burner. 

In Fig. 2 the universal burner is repre- 
sented in half scale. The liquid to be 
burnt is placed in the small bulb a, and 
passes up by means of a wick of purified 
cotton or asbestos into the tube 4, in 
connection with a, where it is heated. 
The tube #@ is surrounded by a larger 
glass tube, @, and between these two tubes 
there is a spiral of fine platinum wire, 
the extremities of which are represented 
in the diagram by the letters ¢ and f By 
passing an electric current through this 
spiral, the wick can be raised to any 
desired temperature. The tube d is enve- 
loped in paper to prevent too rapid cooling. When the 
temperature of ebullition has been reached, vaporization 
takes place with a velocity dependent upon the intensity 
of the current. As long as a regular current is maintained, 
the evolution of vapour remains constant, and the size of 
the flame does not vary at #. There is a regulator in the 
circuit, by means of which the flame can be brought to 
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the requisite size, after which it does not undergo any 
variation throughout the course of an experiment. In order 
to prevent any condensation of the vapour in its passage 
from 4 to #, a double wire of silver is introduced into the 
tube 4 This tube, which is formed of a piece of platinum 
foil, becomes strongly heated, and communicates heat to the 
silver wire throughout the whole of its length from % to 4. 
This prevents the vapour from becoming cooled, and at the 
same time does not produce any modification in the quantity 
of heat supplied to the calorimeter. 

If a current of gas is to be used to volatilize the substance, 
either for the purpose of forming a vapour of suitable density 
for the combustion, or else to effect its combustion by mixing 
with hydrogen, the gas is introduced through the opening g of 
the lower bulb. The rate of flow of the gas, and the intensity 
of the electric current, must then be regulated until the flame 
is of the requisite size, and burns without smoke or the 
deposition of graphite in the orifice. To do this a preliminary 
experiment is made in which the burner is placed in a glass 
vessel, open below, and connected with an aspirator, so 
’ that the combustion takes place under the same conditions 
as in the actual experiments within the combustion chamber of 
the calorimeter.: Once regulated, no variations should occur 
during the course of a combustion, so long as the gas-flow and 
the electric current are kept constant. ‘The temperature will 
naturally be lower than the boiling-point of the liquid, and as 
this lowering of temperature has to be taken into consideration, 
I shall refer to it again later on. 

The universal burner is connected to the calorimeter in 
the following manner. In the indiarubber cork 7, which 
closes the aperture g of the calorimeter, there is a short glass 
tube, &, the internal diameter of which is about 3°2 mm. 
larger than that of the tube 4, Between these two tubes 
there is a ring of indiarubber which joins them firmly together. 
The air space between these two tubes, & and 4, which is 
filled with glass wool, helps to insulate the heat of the tube 4. 
The end of the combustion tube % is made of platinum foil, 
soldered into the tube 4. 
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The tube /, through which the oxygen required for the 
combustion passes, is inserted through the rubber cork 7 out- 
side the tube &. The upper part of this tube is surrounded by 
a larger tube, closed at the top in order to distribute the 
current of oxygen more uniformly. 

Next to the indiarubber stopper is a disc of cork, m, of 
somewhat smaller diameter, which serves to support a tube, 
a, made of platinum foil. This platinum tube surrounds the 
two tubes through which enter the oxygen and the vapour to 
be burnt; its object is to render the oxidation more effectual, 
and for this purpose it is filled with glass wool up to the lower 
part of 4 The current of oxygen is regulated in such a 
manner that the products of combustion on issuing are mixed 
with about 50 per cent. of free oxygen. 


6. Absorption Apparatus. 


It is essential that the absorption tubes should have a 
fairly large capacity, since during the ten to fifteen minutes 
that an experiment lasts some 2 to 4 grams of carbon 
dioxide have to be absorbed, and, in addition, the excess of 
oxygen, amounting to about 2 litres, must pass through the 
apparatus. 

When the combustible body does not contain chlorine, 
bromine, iodine, or sulphur, the products of combustion pass 
first of all through one or two U-tubes (Fig. 5, 3) filled with 
pumice-stone saturated with sulphuric acid (H,SO,+ 2H,0) 
and chromic acid, which retain the traces of oxides of nitrogen 
always formed. In the case of non-nitrogenous substances 
these oxides can only arise from nitrogen mixed with the 
oxygen, and are formed in very small quantity, but when the 
substance itself contains nitrogen the amount of oxides formed 
is increased. The greater part, however, condenses with the 
water-vapour in the combustion chamber, and must be allowed 
for in the calculation. 

The current of gas, freed from oxides of nitrogen, passes 
into a drying apparatus, also composed of two U-tubes (Fig. 5, 
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g and 5); the first of these contains calcium chloride, the 
second pumice and concentrated sulphuric acid. 

For the absorption of the carbon dioxide, a Liebig’s potash 
bulb and two U-tubes containing solid potash (Fig. 5, 6, 7, 
and &) are used. The potash bulb, represented in Fig. 3, 
consists of four lower bulbs of equal size, which are connected 
by narrow tubes in order to 
render the absorption more effi- 
cient, and, in addition, there is a 
bulb on the inlet tube and two 
enlargements on the outlet tube. 
A 4o per cent. solution of potash 
is used, prepared by dissolving 
two parts of solid potash in three 
parts of water. Fifty grams of 
the solution are placed in the 
bulbs, and this is sufficient to 
absorb 7 to 8 grams of carbon 
dioxide—that is to say, two or 
three times as much as is pro- 
duced in an experiment — and 
the apparatus should be recharged with alkali each time it is 
used. The energetic absorption which takes place heats up 
the potash bulb, and, as a consequence, the issuing gas is 
saturated with aqueous vapour. To prevent the deposition 
of this moisture within the tube @ (Fig. 3), a roll of filter- 
paper is inserted, which absorbs any liquid that might be 
carried over. 

The gas which issues from the Liebig’s bulb is next dried 
over solid potash. The amount of water which has to be 
absorbed in these potash tubes will naturally vary with the 
temperature of the potash solution in the Liebig’s bulb, and 
also with the quantity of gas which passes through during the 
course of an experiment and in the fifteen minutes following 
the termination of the combustion. ‘The increase in weight of 
the first tube varies ordinarily between 0’08 and o'15 gram; 
but the second tube, even when there has been an absorption 
of from 3 to 4 grams of carbon dioxide in the Liebig’s bulb, 
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does not increase in weight by more than o‘o02 gram, which 
testifies to the completeness of the absorption. To ensure 
this efficient absorption in the first potash tube, and to avoid the 
necessity of frequently having to recharge the tube, it is filled in 
the following manner. ‘The branch of the U-tube directly con- 
nected with the Liebig’s bulb is filled from ato 4 (Fig. 4) with 
large lumps of solid potash; the lower part of this limb, and 
also the greater part of the other, from 
6 to ¢, contains grains of 2 mm. dia- 
meter ; and finally, from ¢ to @, the grains 
are only 1 mm. in diameter. Potash of 
the requisite dimensions is obtained by 
powdering up a large quantity and then 
sifting it through two iron sieves with 
meshes of appropriate size. The gas 
passing through the tube deposits a large 
amount of moisture upon the first layer 
of potash ; if this were not composed of 
fairly large lumps the absorption of water 
would occasion a block in the tube after some two or three ex- 
periments, whilst the larger grains merely take up moisture upon 
the surface and do not deliquesce until they have been in use 
for some time. It is therefore only necessary to refill the tube 
when the larger pieces of potash have become liquefied and 
tend to obstruct the passage of the gas. The greater portion 
of the moisture is absorbed close to this part of the tube, 
which is apparent from the fact that in the rest of the tube, 
with the exception of a small layer just below the larger lumps, 
there is no sign of any adherence between the grains, which can, 
on the contrary, be shaken about in the tube. Small pieces of 
cotton-wool are placed between the different layers, and at the 
top of the layer of finely powdered potash there is a plug of 
wool pressed tightly in for the purpose of filtering the gas. 
The second tube is filled with grains of potash of about 2 mm, 
diameter ; this rarely requires to be renewed, since the amount 
of water absorbed in a hundred experiments is only a few 
decigrams. 

When the substance contains elements other than carbon, 
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hydrogen, oxygen, and nitrogen, as, for example, chlorine, 
bromine, iodine, or sulphur, special absorption apparatus is 
required in addition to that already mentioned, and this will be 
described later on. 


7. Aspirator. 


The absorption apparatus just described, together with the 
constricted areas introduced into the circuit with a view of 
eliminating the variations of pressure occasioned by the absorp- 
tion, produces a certain resistance, which is overcome by means 
of an aspirator. 

Like all the other parts of the apparatus, the aspirator is 
‘arranged in a manner that makes it easy to set up a small 
difference of pressure, and to maintain this pressure constant 
throughout the course of an experiment. This result is 
obtained by means of a Mariotte’s flask, in which the rate of 
flow from the outlet tube can be controlled. 

The aspirator is represented in Fig. 5, G. The tube a 
conveying the gas passes into a flask of about 6 litres 
capacity. This tube, which can be closed by a tap, reaches to 
the bottom of the jar. Into the lateral aperture, closed by a 
tap, 2, through which the water flows out of the aspirator, is 
fixed a vertical tube, ¢, of o°5 metre in length and surrounded 
by another tube, d, closed below, so that the water issuing from 
the gas-jar cannot flow out directly, but must first pass up 
throughout the whole length of @ before it can escape. The 
actual pressure in the aspirator depends only upon the differ- 
ence in level between the lower end of the tube a and the exit 
of @; this latter is controlled by a weight, and can consequently 
be raised or lowered until the necessary pressure is obtained. 
A comparison of the volume of gas passing into the aspirator 
with that issuing from the gasometer affords a means of ascer- 
taining whether the combustion is proceeding with a continuous 
excess of oxygen, since this is the case when about half of 
the oxygen passing into the calorimeter reaches the aspirator 
unabsorbed, 
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8. Description of a Calorimetric Experiment. 


The apparatus employed in a calorimetric experiment is 
represented in Fig. 5. The mode of procedure is as follows : 
AB is the apparatus for supplying the oxygen; when the taps 
a, 6, and ¢ are open, and @ is shut, the gas flows out of B with 
a constant velocity. ‘The three-way tap @ is so arranged that 
the oxygen passes through the drying tubes 1 and 2, the first 
of which contains sulphuric acid, the second caustic potash. 
The water which displaces the oxygen flows from A into B by 
means of a tube having a tap, 4, while the atmospheric air 
enters the reservoir by the tap ¢ As a result of preliminary 
experiments, the rate with which the oxygen will flow out when 
A is raised to a definite height is known; and it is possible to 
regulate the position so as to obtain the requisite amount of 
oxygen per minute. As the tube through which the oxygen 
passes to the burner is constricted close to F, a, in order to 
diminish variations of atmospheric pressure, the oxygen in 
B always has a small excess pressure, which varies from ro to 
20 cm., according to the height of A. 

CD is the mercury gasometer for storing the gas under 
examination. When the taps 4 m, and 7 are open, and the 
others closed, the mercury will flow out of C and will be replaced 
by the gas required, which, previously purified and dried, passes 
in through the tap z. If the gas contains more than one atom 
of carbon in the molecule it is diluted with dry atmospheric 
air, freed from carbon dioxide, or else with air mixed with 
oxygen, in order that the combustion may take place without 
deposition of soot. When the taps Zand 2 are shut, and ¢ f g, 
h, k, and m are open, the mercury flows with a constant 
velocity by means of the tube ¢ from D into C, displacing the 
gas, which passes by way of g and & to the burner. The 
velocity of the gas current is regulated by the tube d fixed to 
the tap ¢c, that tube being chosen which lets through the 
amount of mercury necessary to produce a gas current of the 
required strength. By turning the tap 4, a resistance can be 
offered to the gas so that there is an excess of pressure in C 
corresponding to 2 or 3 cm. of mercury; this pressure is 
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registered on the manometer & The velocity of the current of 
gas is not modified by this pressure, but is determined by the 
quantity of mercury flowing out of D in a minute, and is 
exempt from any variations. After the apparatus has been set 
up ready for use the taps ¢ and g are closed; then, when a 
combustion is to be performed, it is only necessary to open 
these taps to obtain a current of gas of the strength previously 
arranged for, and which will remain constant throughout the 
course of the experiment. 

F represents the calorimeter and its accessories, with the 
universal burner and its connections, a, 4, and c; d is the 
calorimeter proper, of about 3 litres capacity, surrounded by a 
circular screen of ebonite, ¢, and covered by a lid of the same 
material. (In the diagram this screen is represented in 
section.) A thermometer, g, is fixed through the lid, and a 
similar thermometer is suspended by the side of the calori- 
meter to register the temperature of the surrounding air. The 
stirrer passes in through /; it is moved up and down by means 
of a motor, E. The gas or vapour to be burnt, and also the 
oxygen required, enter the calorimeter by way of the universal 
burner, while the gaseous products of the combustion issue 
through the opening / of the platinum spiral of the calorimeter 
and pass on to the absorption tubes. 

When the combustible substance contains only carbon, 
hydrogen, and nitrogen, tube 3 contains a mixture of sulphuric 
and chromic acids, tube ¢ calcium chloride, and tube 5 con- 
centrated sulphuric acid (these three tubes are for the purpose 
of retaining aqueous vapour and oxides of nitrogen), 6 is the 
Liebig’s bulb, containing a 4o per cent. solution of alkali, and 7 
and & are the tubes for the solid potash. The gases then pass 
into the aspirator. When the aspirator taps are open, the gas is 
drawn through the absorption tubes exposed to a constant pres- 
sure, and consequently with a constant velocity. This velocity 
can be increased or diminished by lowering or raising the tube @ ; 
a position is therefore chosen for d so that the pressure in the 
calorimeter, which can be read off on the water-manometer, 7, 
is about a centimetre less than that of the external air. 

If the substance about to be burnt is a gas and enclosed in 
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C, an exit tube for D must then be chosen of suitable size to 
provide the necessary supply of gas per minute for the com- 
bustion. The tap 4 is next regulated until the gas in C shows 
an excess pressure of 2 to 3 cm. of mercury. Finally, the 
reservoir A of the oxygen apparatus is raised to the requisite 
height to provide a supply of oxygen corresponding to double 
the theoretical quantity necessary to support the flame of the 
burning gas. 

Non-gaseous substances must be placed in the receptacle of 
the universal burner, where they are volatilized by means of 
the heat generated by the electric current passing through the 
spiral of the burner. ‘The wires of the spiral, represented by 
c in the diagram, are connected with a regulator so that the 
intensity of the current can be controlled. Usually two Bunsen 
cells are required for a substance of high boiling-point ; three of 
these cells are, however, sometimes necessary, whilst one cell 
may suffice for a very volatile body. Generally speaking, the 
vaporization is effected by means of a current of air mixed 
with oxygen. A mercury gasometer is used, or preferably an 
arrangement similar to that employed for the oxygen; but in 
any case the current of air is led into the burner through 4. 
The electric and gas currents are then regulated until there isa 
clear flame of the requisite size. When the oxygen apparatus 
has been regulated in this manner all is ready for the com- 
bustion, which can be repeated under the same conditions 
without further adjustment. 

As soon as the amount of water in the calorimeter has 
been weighed, the calorimeter prepared, the stirrer and ther- 
mometers put in their places, and communication with the 
absorption apparatus established, the motor is started, in 
order to obtain a uniform temperature in the water. The 
lower opening of the calorimeter, into which the burner fits, is 
then closed by means of an indiarubber cork, and the taps @ 
and 4 of the aspirator are opened; in this manner a reduction 
of pressure (20 to 30 cm. of water) is produced in the system, 
when the taps are again closed; if the pressure indicated by 
the manometer z does not vary, it is a proof that all the joints 
are air-tight. 
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When working with a non-gaseous body, the electric current 
is first started in order to heat up the burner; one or two 
minutes afterwards the current of air is led into the volatilizer, 
where a flame of the size previously arranged for is produced. 

One minute after these preparations are completed the calori- 
metric measurement is commenced, the time being noted on a 
stop-watch ; the temperature of the air and also of the calori- 
meter is noted, and readings are again taken at the end of the 
second and third minutes, so that three observations for calcu- 
lating the temperature of the calorimeter have been made 
before the end of the fourth minute, which is the moment 
when the combustion in the calorimeter should commence. 
Care must be taken to tap the thermometer before each 
reading, otherwise the observation may not be quite accurate. 

During these four minutes the combustion proceeds with 
the required intensity; the contents of the gasholders B and 
C are noted, and at the end of the fourth minute the tap @ of 
the aspirator is opened and the universal burner is placed in 
the opening of the calorimeter, which it closes tightly. ‘The 
manometer 7, which registers the pressure in the calorimeter, 
is then noted, and the tube d of the aspirator is raised or 
lowered until a depression of 1 cm. of water is registered. 

All is then in order, and remains unchanged throughout 
the course of the combustion; this applies to the rate of flow 
of the oxygen and of the gas in the holder C, as well as to 
the vaporization brought about by the electric current in the 
burner, and to the regular working of the aspirator. 

The conditions under which the combustion is proceeding 
is ascertained by watching the manometer, since any irregu- 
larity is at once detected by a considerable alteration in the 
level of the water. As long as the level remains unchanged 
the combustion is proceeding satisfactorily. Any variations of 
pressure which might arise during the course of the experiment, 
either from a regular rise of temperature in the calorimeter, or 
from a diminution in the resistance of the absorption apparatus, 
can be controlled by a small movement of the tube d@ of the 
aspirator. An increase of temperature in the calorimeter is 
always found to be proportional to the time. 
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When the temperature in the calorimeter has risen as high 
as is required, the combustion is interrupted by shutting the tap 
d of the gasholder C; the burner is then removed from the 
calorimeter and replaced by an indiarubber cork, through which 
a glass tube is inserted. This tube is connected up with the 
absorption tubes g and zo, the first of which contains solid 
potash, the second a 4o per cent. solution of the alkali. The 
aspirator working continuously draws through the calorimeter 
a current of dry air freed from carbon dioxide in the tubes g 
and zo. ‘The rate of flow is regulated by means of the tube d, 
so that about 160 c.c. of gas pass in a minute; the apparatus 
is then left untouched for fifteen minutes, during which time 
the temperature is read every three minutes. ‘The current of 
gas is noted by means of scales affixed to B and C; but only 
an approximate measure of this is required. 

After the expiration of fifteen minutes the experiment is 
finished ; the different parts of the apparatus are disconnected, 
and the absorption tubes 6, 7, and 8 are weighed. 


9. Experimental Methods used in the Combustion of Com- 
pounds containing the Halogens, Sulphur, or Nitrogen. 


Chlorine compounds.—The majority of the chlorine com- 
pounds of alcohol radicals, as well as the chlorine substitution 
products of the hydrocarbons, burn without difficulty in 
oxygen when they have a greater number of hydrogen than of 
chlorine atoms in the molecule, but other compounds can 
also be burnt in oxygen if some hydrogen be likewise added. 

In order to bring about the combustion of these substances 
they are heated in the universal burner and vaporized by 
means of a current of hydrogen at a suitable temperature, so 
regulated that the flame burns without smoke or the deposition 
of graphite in the orifice of the tube. In each experiment the 
volume of gas is always the same, and the quantity of heat 
imparted to the calorimeter by the combustion can be deter- 
mined with sufficient accuracy. 

Amongst the chlorine compounds which can be burnt 
directly are three substances gaseous at ordinary temperatures, 
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2.é. the chlorides of methyl, ethyl, and vinyl; these are there- 
fore collected in the mercury gasometer and burnt in the state 
of gas. Methyl chloride can be burnt alone, but the other 
two gases require to be first diluted, since their direct com- 
bustion leads to the deposition of graphite. ‘To dilute these 
gases I make use of a mixture of oxygen and nitrogen, con- 
taining from 40 to 50 per cent. of the former; the chloride is 
then diluted in the gasometer with an equal volume of the 
mixed gases, and under these conditions the combustion takes 
place without further difficulty. 

The other compounds, which are liquid at about 18° (with 
the exception of monochloropropylene, which boils at about 23° 
and mixes readily with oxygen so that it can be burnt in the 
state of gas), are heated in the universal burner and vaporized 
by means of a current of air containing from 40 to 50 per cent. 
of oxygen. Once the velocity of the gas current and the intensity 
of the electric current have been adjusted, it is easy to find the 

necessary relation between the current of vapour and of air in 
order to ensure a steady combustion. In these experiments, as 
in those already described, the amount of oxygen supplied is 
regulated by the condition that half of it should issue from the 
calorimeter with the products of the combustion. 

In a normal combustion the products consist of carbon 
dioxide, water, and hydrogen chloride. The combustion 
chamber contains ro grams of water, so that a solution of 
hydrochloric acid is formed therein. The whole of the chlorine, 
however, is never completely converted into hydrogen chloride, 
especially when the substance is poor in hydrogen; a part of 
it is therefore liberated as free chlorine, since oxygen decom- 
poses gaseous hydrogen chloride the. more readily the smaller 
the proportion of aqueous vapour present. ‘The quantity of 
chlorine liberated is thus relatively greater for methyl chloride 
than for its higher homologues. On combustion of methyl 
chloride 6°5 per cent. of the total chlorine is liberated in the 
free state, whilst with ethyl chloride there is 2°4 per cent. 
of free chlorine, and with isobutyl chloride only 0-2 per cent. ; 
ethylene chloride liberates 6 per cent. of its total chlorine in 
the free state, whilst ethylidene chloride yields only 4 per cent. 
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Thus, together with the carbon dioxide issuing from the 
calorimeter, there is not only a little chlorine, but also a small 
quantity of gaseous hydrogen chloride which escapes absorption 
in the water of the calorimeter. 

In order, therefore, to be able to calculate the amount 
of heat in a normal combustion, it is necessary to determine 
the quantity of chlorine liberated in each of these three forms. 
For this purpose the gases issuing from the calorimeter are led 
into a tube containing several layers of pulverized and slightly 
moistened potassium iodide, separated by purified cotton-wool, 
where the free chlorine and part of the gaseous hydrogen 
chloride is absorbed. The gases then pass into a Liebig’s 
bulb tube filled with a 1o per cent. solution of potassium 
iodide, to which o'oo005 gram-molecule of sodium thiosul- 
phate is added for each experiment. Since the main object of 
this solution is to retain any iodine vapour carried over by the 
gas current, as well as small quantities of hydrogen chloride, 
the addition of thiosulphate provides a method of controlhng 
the completeness of the absorption, and, generally speaking, the 
solution remains colourless. ‘The current next passes into the 
apparatus already described for the absorption of the dry 
carbon dioxide, and finally reaches the aspirator, 

As soon as the experiment is over, the solution of hydro- 
chloric acid is poured out of the combustion chamber, which 
latter, together with the spiral tube, is rinsed out several times 
with water. The liquid thus*obtained contains the whole of 
the hydrochloric acid absorbed in the calorimeter, and also a 
trace of dissolved chlorine, which can be determined by means 
of a few drops of a solution of potassium iodide and sodium 
thiosulphate ; the amount of free chlorine is about o*0004 
gram-atom in such experiment. After this, litmus is added 
and the liquid titrated with soda. The amount of hydrochloric 
acid thus found, expressed in gram-molecules, is represented 
by p); this is, of course, equivalent to p) gram-atoms of chlorine. 

The absorption tubes containing potassium iodide are then 
emptied out, the tubes rinsed, and the free iodine titrated with 
sodium thiosulphate. The amount found, expressed in gram- 
atoms, is equivalent to the amount of free chlorine; this is 
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represented by p, and must be added on to that found in the 
calorimeter. 

After titrating the iodine with thiosulphate, litmus is added 
and the free acid is titrated. This value gives us the amount 
of gaseous hydrogen chloride issuing from the calorimeter, and 
which we shall represent in gram-atoms by p). 

The three values, pp, p, and p,, thus found are of use in 
calculating the normal heat of combustion, in which hydrogen 
chloride and carbon dioxide are evolved in the gaseous state, 
and water as a liquid. ‘They also afford a convenient means 
of ascertaining the purity of the substances investigated, since 
the sum (p) + p+), expressed in gram-atoms, gives us the 
total quantity of chlorine in the compound burnt, and this 
should correspond to the quantity of carbon dioxide deter- 
mined, which is represented by a. There is a simple relation 
between these two values, since the combustion of C,H,Cl, 
gives rise to a+ 44 grams of carbon dioxide for each gram- 
atom of carbon; and we finally have the relation 


a 
aic=7ii leo te +p) 


when the substance under examination is pure. 

Thus the method employed for measuring the heat of com- 
bustion furnishes at the same time a quantitative determination 
of the amount of carbon and chlorine in the substance used. 
The value of this check on the purity of the substances 
investigated is clearly demonstrated by the experimental data 
given in the tables. Thus in two experiments with propyl 
chloride 4*8911 grams of carbon dioxide are formed, whilst 
the determination of the amount of chlorine was made as 
follows :— 


Within the calorimeter as HClp, . . 0°03573 gram-atom. 
Outside ,, ee » HCle < . @o0032 M 
” ” ” ” Clp, * + «+ 0°00093 ” ” 


or a total of 0'03698 gram-atom of chlorine. 
As propyl chloride, C,;H,Cl, contains three atoms of carbon 
for each atom of chlorine, the theoretical quantity of chlorine 


INTRODUCTION 35 


to correspond to the amount of carbon dioxide found above 
should be 


4'891t 
3X 44 


which differs by 0*2 per cent. from that found directly. 
With isobutyl chloride there were formed in two experi- 
ments 5°2665 grams of carbon dioxide, which is equivalent to 
5°2665 


> = 9'02992 gram-atom of chlorine ; 
4X 44 9928 5 


= 0'03705 gram-atom of chlorine, 


and we find experimentally 


Po 0'02898 
p 0'00025 
pi 0'00071 
Xp 0'02994 gram-atom of chlorine, 


which is in agreement with the value calculated for the pure 
substance, and also with the complete combustion. 

Experience has shown how difficult it is to obtain pure 
specimens of the chlorides of methyl and ethyl, these sub- 
stances being always mixed with more or less of the corre- 
sponding ether. 

The purest methyl chloride obtainable from Kahlbaum 
contains o'0998 gram-molecule of dimethyl ether, CH;OCH;, 
for each gram-molecule of CH;Cl. Another specimen prepared 
in my own laboratory by the interaction of zinc chloride, 
hydrochloric acid, and alcohol, and purified by means of 
concentrated sulphuric acid, contained 0'0203 gram-molecule 
of CH;OCH; to 1 gram-molecule of CH;Cl. Even in the 
action of phosphorus pentachloride upon alcohol some ether is 
formed, although in very small quantity; 1 gram-molcule of 
ethyl chloride prepared in this manner contains o’008 gram- 
molecule of (C,H;),0. It is evident that in calculating the 
results of a combustion with such substances the influence of 
the possible impurities must be taken into account. This 
influence is, however, but small, and in practice presents few 
difficulties. 
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As in the experiments for determining the heats of com- 
bustion of halogen compounds two Liebig’s absorption bulbs 
are used, one for the chlorine and the other for the carbon 
dioxide, care must be taken to avoid any variation of pressure 
in the combustion chamber. ‘This result is attained as before 
by inserting two plugs of cotton-wool in the tube leading from 
the calorimeter to the first absorption tube. In all experiments 
with chlorine compounds indiarubber corks must as far as 
possible be avoided. 

Bromine compounds.—The bromides studied, chiefly those of 
methyl, ethyl, propyl, and allyl, were burnt directly in oxygen. 
Methyl bromide is a gas at ordinary temperatures, so that it 
can be introduced into the burner and burnt like other gaseous 
substances. The other three bromides were vaporized by a 
currrent of air and heated in the universal burner. As all the 
bromides, especially those of propyl and allyl, have a tendency 
to deposit graphite in the orifice of the burner, it is best to use 
a mixture of equal volumes of oxygen and nitrogen for the 
combustion, and the heating is regulated so as to employ as 
large a quantity as possible of air for the vaporization. 

The greater part of the bromine is liberated in the free 
state, some of this is absorbed by the water in the combustion 
chamber, while the rest is carried on with the current of air 
which issues from the calorimeter. Only a small fraction, 
varying from ro to 25 per cent. according to the substance, of 
the bromine goes to form hydrobromic acid, and this is so 
completely absorbed by the water in the combustion chamber 
and spiral that scarcely a trace of it is found in the issuing 
gases. ‘The combustion chamber usually contains ro grams of 
water. 

At the end of each experiment the contents of the com- 
bustion chamber and spiral are analyzed; the dissolved 
bromine is titrated by means of potassium iodide and _ thio- 
sulphate, and the hydrobromic acid with a soda solution. As 
before, these quantities are expressed in gram-atoms, and are 
represented by py and p,. The gases issuing from the calori- 
meter are deprived of bromine by means of potassium iodide, 
in the manner described for the compounds of chlorine; the 
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quantity is determined by titrating with thiosulphate, and is 
expressed in gram-atoms by p. We then have 


p, bromine in solution, 

p) bromine as a solution of within the calorimeter. 
hydrobromic acid, 

p bromine in the state of vapour, 


eee in the absorption tubes. 
p, bromine as hydrobromic acid, P 


The sum of which represents the total bromine expressed as 
gram-atoms. 

As the greater part of the bromine is evolved in the 
gaseous state, and carried out of the calorimeter with the other 
products of the combustion, the heat of combustion must 
naturally be calculated by assuming all of the hydrogen to go 
to form water, and the bromine, on the contrary, to be liberated 
asagas. ‘That is to say, for the substance C,H,Br, we have 


a gram-molecules of carbon dioxide ; 
o'5 b - 5, liquid water ; 
Gh é os 55 bromine vapour ; 


at atmospheric temperature. The following values were 
obtained in some of my earlier experiments :— 


C7Ery ss w= 4” 6G Calories 
(i, Dey ES). gg cw 4 6EBBOO a 
(Ei A a sn 9, 4, EQSORG a 
(oe) ae a a i 540 e 
(2 Pr Git, AG) « » «. » 82200 si 
(DF gas, AG). % « « « “Ay300 ‘ 


Each gram-atom of hydrogen which unites with bromine to 
form hydrobromic acid, and dissolves as such in the water of 
the calorimeter, thus liberates an amount of heat greater by 
32,200 than if the bromine was evolved as a gas in the calori- 
meter; on the other hand, the gram-atom of hydrogen could 
unite with oxygen to give rise to a half gram-molecule of water, 
and in doing this would liberate 34,180 calories, if it had not 
combined with the bromine. The formation of the solution of 
hydrobromic acid therefore diminishes the theoretical quantity 
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of heat by 1980 calories for each gram-atom of bromine 
involved, or the quantity of heat found experimentally by 
pot980 calories. On the other hand, this value will be in- 
creased by p, 3460 calories by the solution of p, gram-atoms 
of bromine vapour in the water of the combustion chamber. 
The amount of hydrobromic acid which can be detected in the 
products of combustion outside the calorimeter, or p,, is so 
small that its influence on the result is negligible. Neither is 
there any need to take into consideration the different degrees 
of dilution which may occur in the calorimeter, since the 
dilution is always so great (100 molecules of water to 1 
molecule of hydrobromic acid) that the heat of absorption will 
vary only by a few units. To find the true heat of combustion 
in the reaction described above, it is necessary to increase the 
value found experimentally by 


py 1890 cal.— py 4360 cal. 


As the water equivalent of the calorimeter and its contents 
in the experiments with the bromides is 2957°4 grams, it is 
simpler, in calculating the experimental results, to divide the 
correction given above by this number, and to raise the 
observed temperature of the calorimeter by the corresponding 
amount. 

Todine compounds.—The iodine compounds of alcohol 
radicals burn easily in oxygen when heated in the universal 
burner and vaporized by means of a current of air. In 
atmospheric air the flame of methyl iodide is extinguished 
immediately after being kindled, but by mixing it with oxygen 
in the burner a flame can be obtained without using the 
calorimeter. The two iodides studied (CH;I and C,H;I), even 
when burnt in oxygen, give rise to feebly luminous flames. 

On combustion in oxygen the products are carbon dioxide, 
water, and iodine. No hydriodic acid is formed, since after 
dissolving the iodine deposited in the potassium iodide solution, 
and decolorizing it by means of sodium thiosulphate, we are left 
with a neutral solution. 

The iodine is all deposited in crystals upon the cold surface 
of the platinum walls of the combustion chamber ; only a very 
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small fraction, corresponding to the tension of iodine vapour at 
the temperature of the calorimeter (18° to 20°), is carried along 
with the current of gas. The gases issuing from the calori- 
meter pass through a Liebig’s absorption bulb containing 
water in which o*o004 gram-molecule of sodium thiosulphate 
is dissolved. ‘This solution still remained colourless after two 
combustions had been performed, so that the quantity of iodine 
carried over did not amount to o’0004 gram-atom, while in 
two experiments carried out upon methyl iodide 0'0777 gram- 
atom, or 9°87 grams of iodine were deposited in the combustion 
chamber. 

The result of the combustion is to liberate the whole of the 
iodine in the solid state, and in order to find the corresponding 
values, assuming the iodine to be present as vapour at 18°, it is 
necessary to know the amount of heat required to convert solid 
iodine at 18° into vapour at the same temperature and under 
normal pressure. To do this we make use of the following 
data, namely, the heat of vaporization of iodine at the boiling- 
point, 23°97 cal.; the specific heat of liquid iodine, 0'108 cal. ; 
and the heat of fusion, 11°71 cal. (Favre and Silbermann, 
Annales de chimie et de physique, |3| xxxvil. 469); also 
Regnault’s value of 0°0541 cal. for the specific heat of solid 
iodine ; and the value of 00349 cal. given by K. Strecker for 
the specific heat of iodine vapour (Wiedermann’s Azmalen, xiii. 
40). If we take the boiling-point of iodine as 180°, and the 
melting-point as 107°, we can calculate the quantity of heat 
required to vaporize 1 gram of solid iodine as follows :— 


(107 —18)o°0541 + 11°71 +(180—107)o"1082 + 
23°95 = 48°37 cal. 
To cool the vapour from 180° to 18° without deposition of 
solid or liquid iodine would give 
(180 — 18)0'0349 = 5°65 calories, 


Thus the total quantity of heat absorbed by 1 gram of 
iodine will be equal to 42°72 cal., or 5426 cal. per gram-atom. 
Consequently the heat of combustion will be 5426 cal. less if 
we assume the iodine to be present as gas instead of as solid, 
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Sulphur compounds.—These substances were burnt in 
oxygen in the calorimeter in the same way as other volatile 
organic compounds. Non-gaseous compounds were vaporized 
in the universal burner in the usual manner by means of a 
current of air containing 50 per cent. of oxygen. The products 
of combustion are carbon dioxide, water, sulphur dioxide, and 
sulphur trioxide. 

The water (10 grams) in the combustion chamber retains 
the greater part of the sulphur trioxide and a smaller fraction 
of the dioxide, while the remainder passes on with the other 
gaseous products into the absorption tubes. At first the gases 
pass through a small flask containing solid iodine partially 
dissolved in a solution of potassium iodide; the quantity of 
iodine used depends upon the proportion of sulphur in the 
compound. In the experiments with carbon disulphide it was 
necessary to use from 11 to 12 grams of iodine, and the volume 
of the 1o per cent. potassium iodide solution was about 30 c.c. 
After the current of gas has been freed from sulphur dioxide by 
the iodine solution it still contains the greater part of the trioxide, 
either in the form of gas or as dense vapours of sulphuric acid, 
and flows on through a Liebig’s bulb tube which acts as a 
control. In order to remove completely this cloud of sulphuric 
-acid, the current is led through a layer, 2 cm, thick, of powdered 
calcium chloride placed in an enlarged part of the tube through 
which the gas flows. The gases then pass on to the drying 
tubes, and finally reach the absorption apparatus, where the 
carbon dioxide is removed as in the other experiments 
described. 

Thus, after the combustion, part of the sulphur is found as 
sulphuric and as sulphurous acid in the combustion chamber ; 
the remainder issues from the calorimeter in the form of 
sulphur dioxide gas and as the vapour of sulphur trioxide, 
and is absorbed by the iodine solution and converted 
into sulphuric acid. ‘The amount of each of these four pro- 
ducts must be determined as follows: After the combustion is 
finished, the contents of the combustion chamber and of the 
platinum spiral are washed out, and the sulphurous acid is 
titrated by means of an iodine solution of known strength ; 


: 
* 
' 
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t he amount, expressed in gram-molecules, is represented by 
5,; the solution is then titrated with soda (in all my titrations 
the quantity of liquid is determined by weight and not by 
volume). Let 4 represent the amount of acid in gram- 
molecules. ‘Then, since for each molecule of sulphurous acid 
which is oxidized to sulphuric acid two molecules of hydriodic 
acid are formed, the amount of sulphuric acid which was 
present before oxidation was 

So = b — 25,. 

The acid absorbed outside the calorimeter is also deter- 
mined; the absorption tubes are emptied and rinsed out, and 
the free iodine titrated with thiosulphate. The value thus 
found, deducted from the weight of iodine taken, gives the 
amount used up in oxidizing the sulphurous acid formed. If 
we represent this difference, expressed in gram-molecules of 
iodine, by s,, this gives the amount of sulphurous acid formed, 
also expressed in gram-molecules. The total acid is then 
determined by titration with soda; and if the quantity of soda 
solution required for neutralization, expressed in gram-equiva- 
lents, be represented by ¢, the amount of sulphuric anhydride 
originally present will be 

S,= da — 255 


The products of combustion are therefore made up as 
follows :— 
s, gram-molecules SO, | in aqueous solution within 


ae a SO, J the calorimeter. 
er bs SO, a the absorption tubes out- 
fg “i SO, side the calorimeter. 


From the sum of these values the total amount of sulphur 
expressed in gram-atoms can be calculated. If now we 
suppose that the compound under examination contains a 
gram-atoms of carbon for each gram-atom of sulphur, and if 
-a grams of carbon dioxide are formed in the combustion, we 
can establish the following relation for the combustion of the 
pure substance :— 


44.a = S$, + So + Sg + 5° 
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so that the determination of the amount of sulphur and of 
carbon in the products of the combustion furnishes a means 
of ascertaining the purity of the substance used. 

As the heat of combustion is calculated on the assumption 
that the products are carbon dioxide, water, nitrogen, and 
gaseous oxides of sulphur, the experimental value requires 
certain corrections. The heat of absorption of sulphur 
dioxide is 7700 calories per gram-molecule. The heat of 
oxidation of the gaseous oxides of sulphur, and the solution 
in water of the sulphuric acid formed (.SO0,, O, Aq) is 71,330 
calories when the amount of water present is very large; but 
in the actual experiment the value is only 69,000 calories, 
owing to the smaller amount of water. The sulphuric acid 
vapour may be regarded as the hydrate of sulphur trioxide, 
and the thermal effect of its formation starting from gaseous 
sulphur dioxide is 53,430 calories. The observed heat of 
combustion is thus 


7700 Cal, 5; + 69,000 cal. 5, + 53,430 cal. s, = P 


greater than the theoretical value. 

Nitrogen compounds—Cyanogen and hydrocyanic acid are 
collected over mercury in the gasometer and burnt as gases in 
the usual way; hydrocyanic acid can easily be vaporized at 
ordinary temperatures by means of a small quantity of nitrogen. 

The combustion of esters, such as ethyl nitrate, takes place 
with production of nitric acid; 1 gram-molecule of the ester 
gives rise to 0'047 gram-molecule of N.O;Aq. I have already 
shown that the formation of an aqueous solution of N.O,, 
starting from nitrogen, oxygen, and water, gives rise to 29,820 
calories, so that the experimental result must be reduced by 
0'047 X 29,820, or 14,000, calories in order to find the heat of 
a normal combustion where no nitric acid is formed. 

The combustion of nitromethane, similarly to that of the 
other members of this group, was carried out in the usual 
manner by vaporizing the substance at a suitable temperature 
in the universal burner. A small amount of nitric acid is 
always formed, which condenses in the combustion chamber, 
as well as some nitric peroxide which is carried along with 
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the other products of combustion into the absorption apparatus, 
where it is retained in the tubes filled with chromic and sul- 
phuric acids. The observed heat of combustion must be 
corrected so as to allow for the formation of these oxides of 
nitrogen. As has been stated above, the heat of formation of 
1 gram-molecule of N,O;Aq is 29,820 calories, and this value 
must be deducted for each gram-molecule of nitrogen which 
combines with oxygen and water to form nitric acid. On the 
other hand, we may neglect the thermal effect due to the for- 
mation of nitric peroxide, since it amounts only to —4000 
calories per gram-molecule of nitrogen. 


An examination of the thermal properties of inorganic 
substances presents fewer practical difficulties than is the case 
when dealing with organic compounds, so that it has not been 
considered necessary to give a detailed description of any 
such experiments. Diagrams of the apparatus used have, 
however, been reproduced, and it is hoped that these will 
suffice to give a general idea of the methods employed. 


PART I 


FORMATION AND PROPERTIES OF 
AQUEOUS SOLUTIONS 


CHAPTER I 


ABSORPTION OF GASES AND SOLUTION OF LIQUIDS 
AND SOLIDS IN WATER 


A. NUMERICAL RESULTS. 


WHEN a substance is dissolved in water a thermal effect is 
observed, which may be positive or negative according to the 
nature of the substance. The heat of solution is not a constant 
magnitude for the same substance, but is determined by the 
amount of water contained in the solution, as well as by the 
temperature of the water. This dependence of the heat of 
solution upon the quantity and temperature of the water will 
form the subject-matter of Part I., and the numbers quoted in 
the following tables, therefore, hold good only at a temperature 
of about 18° C., and for the particular amount of water specified 
in the tables for each individual substance. All magnitudes are 
calculated for the gram-molecule of the dissolved substance, 
for example, Na,SO, and NaCl; and the amount of water 
used is, as a rule, 4oo and 200 gram-molecules respectively, 
according to the valency of the substance, so that the con- 
centrations of the resulting solutions agree with those usually 
employed in thermochemical reactions in aqueous solution. 
The tables include the heats of solution of all the substances 
that I have investigated ; the firs¢ subdivision gives the heats 
of solution of the most frequently occurring gases, the second 
and ¢hird the heats of solution, at about 18° C., of liquid 
and solid compounds between non-metals, and in the fourth 
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subdivision are recorded my very numerous determinations of 
the heats of solution of the oxides, hydroxides, halides, and 
oxy-salts of the metals. 

Naturally many of these substances do not form real 
aqueous solutions, since the compounds are decomposed by 
water, and the thermal effect observed in such cases corre- 
sponds to the decomposition taking place; this applies, for 
example, to carbonyl chloride, carbonyl sulphide, and the 
chlorides of phosphorus, arsenic, etc.; only very few sub- 
stances, as, for instance, the chlorides of silicon, titanium, 
antimony, bismuth, and tellurium, are not completely dissolved 
by water. 

Most of the substances investigated were readily soluble 
in water, and their heats of solution could therefore easily be 
measured by direct experiment ; but for some sparingly soluble 
substances special methods had to be adopted. 

The amount of water in hydrated salts was estimated by 
analysis, and the result of this is given in the table for each 
particular salt. In drying hydrated salts which crystallize from 
solutions, care must be taken that the number of molecules of 
water remaining in the salt is not below the normal, and the 
drying must, therefore, be discontinued as soon as analysis 
shows that the amount of water in the molecule is only a very 
little greater than that required for the normal salt; a trace of 
moisture will not affect the heat of solution to any appreciable 
extent, while a considerable influence is exerted when the 
number of water molecules falls below the normal value. The 
determination of the heat of solution of a hydrated salt can 
even be used with advantage to determine accurately the 
normal amount of water, a method which I have employed for 
ascertaining the molecular formule of some hydrated salts; 
for example, Bal,.7H,O and HAuCl,. 4H,0. 

For the atomic weights of the non-metals O is taken as 
16 and H, as 2‘or. 


il. + 3545 ie. soe Bi . . 208°00 
Br. . 80°66 Ee « gree oe «. S265 
i. 4 ES69G BS « «  FReO me + ~ ¥OTOO 


Ns « tatoo SD + .» E2O"do Te . . 227°6o 
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The atomic weights employed for the metals will be found 
in the tables containing the respective compounds. 


TABLE 1, 


HEATS OF ABSORPTION AND OF SOLUTION. 


(a) Non-metals and theity Compounds. 


I. GASES. 
Substance Molecular Amount of water _ mt mihaweee fn 
(gaseous). formula. in the solution. | of agit ecule 
of the substance. 

Hydrogen chloride . HCl 300 mol. 17,315 ¢ 
Hydrogen bromide . HBr Ano 4, 19,940 
Hydrogen iodide HI en | 19,210 
Water vapour at 18° H,O — 10,430 
Hydrogen sulphide . HS goo ,, 4,560 
Ammonia . en INUEL 200) 5, 8,430 
Chlorine monoxide . C],0 300° ., 9,440 
Sulphur dioxide . SO, 250° 45 7,700 
Carbon dioxide . GO; 1500 45 5,880 
Chlorine eer Cl, | —_ 4,870 
Bromine gas at 17°. Bro gas — 7,640 
Carbonyl chloride . COG... | _ 57,970! 
Carbonyl sulphide . COS -~ 4,7407 
Nitric peroxide NO, I) ROG 45 13,875° 
Nitrogen tetroxide . N,O, | 600 ,, 14,1504 


1 COC], is completely decomposed in solution to CO,Aq and 2HCIAq. 
i CO,Aq and H,SAq. 


7 COS» 


* Valid for the compl 


” 
etely diss 


” 


ociated molecule. 


4 Valid for the non-dissociated molecule. 


esi 
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2, WJOurIDS. 
Heat of solution of 
Substanc Molecul. A t of wat 
(liquid). formula, | inthe solution. | ?Stam-molecule 
Bromine . (bh 600 mol. 1,080 c 
Sulphur dioxide (liquid) SO, BOO, 1,500 
Sulphur trioxide (liq.) SO, 1600 ,, 39,170 
Pyrosulphuric acid (liq.) Ins Or L660), 54,320 
Sulphuric acid (liq.) ESO; 1600 ,, 17,850 
Sulphuric acid, hy- 

7 a i il } H,SO,.H,O | 1600 ,, 11,470 
Sulphuryl chloride . SIGIACHE 800 ,, 62,900 
INtixie acid| =. HNO, SOOmns 7,480 
Phosphoric acid (lig. hex Liat JHO), 2OO™ ss 5350 
Phosphorous acid (liq. ) HELO: 120) 5, 2,940 
Sai acid H,PO, 200 ,, 2,140 
Phosphorus tieclonde. PEt; TOGO! 55 65,140 
Phosphorus oxychloride OCI: LIoo! 5, 72,190 
Arsenic trichloride . AsCl, 900) =, 17,580 
Antimony pentachloride SbCl, POOR ses 35,200 
Silicon tetrachloride Sil, 3000 ,, 69,260 
Titanic chloride . meh, 1600 ,, 57,870 
Stannic chloride . SnCl, 300 ,, 29,920 
Formic acid . CHO; 200) 55 150 
Acetic acid C,H,O, 200 ;, 375 

3. SOLIDS. 
Substance Molecular Amount of water preteen a hag 
(solid). formula. in the solution. of the subeiince. 

Iodine pentoxide NOE — — 1,790¢ 
Todic acid . HIO, 200 mol — 2,170 
Periodic acid . H,;10, GROn 35 — 1,380 
Phosphoric acid (solid) . HEL@; 120° 5; + 2,690 
Phosphorous acid (solid) ERLOE er oe _ 130 
Hypophosphorous acid 

(solid) . . . } HPO, 200 ;; = a 
Phosphorus pentoxide : 1240)" GO! vyy + 35,600 
Arsenic pentoxide As,Os = + 6,000 
Arsenic acid . H,AsO, 230 5 400 
Arsenious acid As,O; _ 7,550 
Selenium dioxide ; SeO, 200 5, _ 920 
Boracic acid (cryst.) .| B,O;.3H,O 800 _ ,, — 10,790 
oo ies a \ | PCI, 1800 ,, +1; dauo 
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Substance Molecular Amount of water peter pate ie 
(solid). formula, | in the solution. | nil ths & aehebiance. 

Antimony trichloride SEG. — + 8,910c 
Bismuth trichloride . BiCl, — + 7,830 
Selenium tetrachloride . SeCl, 1600 mol -+ 30,370 
Tellurium tetrachloride | TeCl, 1200 ,, + 20,340 
Ammonium chloride NEC 200° 5. — 3,880 
Ammonium bromide Nite 200. 4, | — 4,380 
Ammonium iodide. . | NH,I ZOO ,, — 3,550 
Ammonium nitrate . NH,NO, 200 45 — 6,320 
Ammonium sulphate QNVEL,) 90; 400 ,, — 2,370 
Ammonium hydrogen) | = 

sulphate } NH,HSO, 200 4; 20 
Hydroxylammonium = 

ue \ NH,OHCI 200 ,, 3,650 
Hydroxylammonium \ : ~ 

eulphetc (NH,0),H,50, 660 ,, 960 
Triethylsulphoniam \ SICH.) I 267 ,, | 5,750 
Oxalic acid 7 CoH. @, 300 55 — 2,260 
Oxalic acid (cryst. ie « | Calg Oye eit oD BRD 5, — 8,590 
Tartaric acid . at Cae ee | #490 ., — 3,600 

ee eae [| €<.B,0 | 600 ,, — 4,100 

eet 1 |C,H,0,.H,O| 400 ,. ~ 6430 
Aconitic acid. . . . | Crit eO, BOG) 45 — 4,180 


(6) Compounds of the Metals: 


Oxides, Hydroxides, and Salts. 


| Heat of so- 


Amount of 


ee Amount - lution whe water ac- 
Metal. ee. eaalaa | eee | es 
| substance. analysis, 
KCl 2co mol.| — 4,440¢ 
KBr 200 ,, | — 5,080 
KI 200 % — 5,110 
KCN 175 45 | = 3,010 
KOH 250 5, | +13,290 
KNO, 200 ,, = 8,520 
Potassium | KCIO, ot) eee 
30°15 KBrO, 200 5, | — 9,760 
KIO, 500 ,, | — 6,780 
¥.Co, 400 ,, | + 6,490 
K,CO,.$H,0 400 ,, | + 4,280 | o'507 
K,CO,.3H,0 400 5, | — 380 | 1°550 
K,SO 400 ,, | — 6,380 
KHSO | 200 5, | — 3,800 | 
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Heat of so- 
A Amount of 
A tof | lut f 
Metal. Molecular formula. on dhs ihe atin bit or 
solution, ane pe analysis. 
K3920; 500 mol, | —13,010c 
K,S,;0 500 — 12,460 
Potassium | K,S,0, 300 ‘ =o 150 
- Kcr. 400 ,, — 16,700 
39°T5 K,Mn,O 1000 ,, | —20,790 
KiC.Oe. EO 800 ,, | — 7,410 
KC,H,0, 200 5, | + 3,340 
la 100 ,, | — 1,180 
aBr z00 ,, | — 190 
sia hes 300: 5, . 4,710 
a 200) 55 1,220 
Nal. 2H,O BOO! ays — 4,010 
NaOH 200 ;, | + 9,940 
NaNO, ZOO as 51080 
Na,CO, AGO) 55) | 1 5,040 
Na,CO,. H,O AGO! Gy |) -2;250 
NaCOn. 270 AOO! 55) loa 20 
Na, CO, .10H,0 400) 5, || —16,160 
Na,SO, { oe oe Aga sie di 
2 400) 4, 170 | effloresce 
Sodium | Na,SO,.H,0 4oo ,, | — 1,900 
23°05 \ Na,SO,.10H,O 400) 955) 1Os700) | LOGO 
NaHSO 200155 1,190 
Na,S.0, 400 ;, | — 5,370 | 0°09 
Na, 5204.4 2H1.0 4001535 ||) = UI,O50) |) 2°13 
Na,S,0;.-5H,0 FO) Fy, | DUN styfo: 

Na,HPO, 400" 4, | 5,640 
Na,HPO,.2H,O 400% 55. ||) =" “360 
Na,HPO,.12H,O 400 ;, | —22,830 | 12'09 

Na,NH,PO,.4H,O SOO «f= 10750 

INaZe.O> 800 3; | 11,850 
Na,P,O,. 10H,O 800 ,, | —11,670 | 10°27 
Na,B,O,. 10H,O 1600 ,, | —25,860 
NaC, H,0O; . 3H50 400 <4; | — 4,810 

NaC, HO. 200 5, | + 3,870 

Licl 230 4; ae 8,440 
ee LINO: 100- 55 + 300 
Li,S0, 200 ,, | + 6,050 
aes ia ae %5 iA 2,Ar0 | I°IO 
a 60° 55 2,070 
Barium BaCl, . 2H, 20 7 7, Bee 
; BaBr, 400 ,, | + 4,980 
Pol BaBr, .2H,O 400 5, | — 4,130 | 2°00 
Bal,.7H,O 500 55 | = 6,850 | 7°17 


1 Note by Translator.—The effloresced salt would be of uncertain com- 


position, but would be sure to contain some water. 


URAtee 


E 


50 FORMATION OF AQUEOUS SOLUTIONS 
Amount of ere a, of 
Metal. Molecular formula. emir a the epuiele: Pete te 
S * cule S ‘. 
waiae nih analysis. 
BaO — +34,520¢c 
Ba(OH), -- +12,260 
Ba(OH), .8H,O 400 mol.| —15,210 | 7°98 
Ba(NOs)o 400 ;, — 9,400 
Barium Ba(ClOn)e.tiee 600 ,, | —II,240 
137°2 Bas .O,. 2h 400 ,, | — 6,930 | 2°00 
BaSO, — — 5,580 | see V. 
Ba(HnbO;)s «tio 800 ,, | + 200 
Ba(C,H,SO,).2H,O 800 5, — 4,970 
Ba(C,H,0,), - 3H,0 800: 9, | — F250 
Srcl, 400 ,, | +11,140 
SrCle ole 400 ,, | — 7,500 | 6°00 
rBr, 400 ,, | +16,110 
SrBr, .6H,O 40043) | = F220: | Ors 
Strontium srO _ +29,340 
87°5 Sr(OH), — +11,640 
Sr(OH)..8H,O _ —14,640 | 7°95 
Sr(NOs)2 400 55 wt 4,620 
Sr(NO )2.4H,O 400 ,, | —I2,300 | 4°02 
SsHO Aa lsh ye) HOG’ 155 — 9,250 | 4°16 
CaCl, 300 5, | +17,410 
CaGl,..6H,O 400 ,, | — 4,310 | 6°07 
| ‘aBrg 400 ;, +24,510 
CaBr, .6H,O 400 ,, | — 1,090 | 6°07 
Cal, 400 5, | +27,690 
Calcium CaO 2500 ,, +-18,330 
40°O Ca(OH), 2500 ;, ap 2,790 
Ca(NOs). 400 ,, | + 3,950 
Ca(NO,).-.4H,O 400 ,, | — 7,250 | 4°20 
CaS,0, .4H,O 400 ,, | — 7,970 | 4°14 
CaSO, — + 4,440 
CaSO,. 2H,O0 _— — 300 
MgCl, 800 ” + 35,920 
MgCl, .6H,O 400 ,, | + 2,950 | 6°11 
Mg(OH), — ° 
Mg(NO,),.6H,O 400 ,, | — 4,220 | 6°06 
Magnesium MgS,0,.6H, 400 ,, — 2,960 | 6°22 
24°0 MgsO, 400 ,, | +20,280 
MgSO,. H,0 400 ,, | +13,300 
MgSO,.7H,O 400 ,, | — 3,800 
K,Mg(SO,).-6H,O 600 ,, | —10,020 | 6°20 
K,Mg(SO,4)2 600 ,, +10, 
— 2Clg 2500 4, |+153,690 
27°4 K,Al,(SO,),.24H,O | 2400 ,, |— 20,240 
Cerium Ce,(SO,),;.4°4H,O 1200 ,, |+ 16,130 | 4°38 
Yttrium Y,(SO,), .8H,0 1200 ,, |+ 10,680 | 8:04 
Didymium Di,(SO,); . 8H,O 1200 ,, |+ 6,320 | 8°82 
Lanthanum La,(SO,),. 8H,O _ +  4,000?| 89 
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Heat of so- 
Amount of | lution of x sashes 
Metal. Molecular formula. a in the eee ele cording Gio 
ne a batenine: analysis. 
Beryllium BeSO,.4H,O 400 mol,/+ 1,100 ¢| 4°00 
Erbium Er,(C,H;,02),.8H,O | 3000 ,, |+ 1,360 
eage K,Cr,(SO,4),.24H,O | 1600 ,, |— 19,130 
aT2U, 400 35 |— 16,700 
ZnCl, 300 ,, |+ 15,630 
ZnBrg 400 ,, |+ 15,030 
Zuni, 400 ,, |+ I1,3I10 
Zn(NO,),.6H,O 400 ,, |— 5,840 | 5°94 
Zinc Zn5,O-s 6H,O 400 ,, |— 2,420 | 6°08 
65°0 ZnSO, 400 ,, |+ 18,439 
ZnSO,. H,0 400 5, |+ 9,950 
ZnSO,.7H,O 400 ,, |— 4,260 | 7°00 
K,Zn(SO,)o 600 ,, |+ 7,910 
K.Zn(SO,)..6H,O Gear, |= 21,960: | GOs 
ee AGON a> 3,010 
Cd€l,. H,0 4oo ,, |+ 760 
CdCl, 2H, O 400 ,, |— 2,280 | 2°10 
CaBr, goo ,, |+ 440 
Cadmium CdBr, . 4H2O Ce eee 0 
ae Cdl, 400 ,, |— 960 
CdSO, 400 ,, |-+ 10,740 
CdSO,. H,O 400 ,, |+- 6,050 
€d50, .gH,0 400 44 |-- 2,660 | 2°66 
Cd(NOj),.H,O 400 ,, |+ 4,180 | I‘00 
Cd(NOs3)q. 4H,0 400 55 Bx 5,040 4°19 
MnCl, 350 ,, |+ 16,010 
MnCl, .4H,0 400 ,, |+ 1,540 | 3°88 
MnSO, 400 ,, |+ 13,790 
MnSO,.H,0O 400 ,, |+ 7,820 
Manganese MnSO,.5H,0 400 ,, |+ 40 | $02 
55°0 MnS,0,.6H,O 400 ,, |— 1,930 | 6°04 
Mn(NO,)2 My 6H,0 400 3, |- 6,150 
2Mn,0, 1000 ,, |— 20,790 
K,Mn(SO, iP 600 ,, |+ 6,380 
K,Mn(SO,),.4H,O 600 ,, |— 6,435 | 4°15 
FeCl, 350 ;, |+ 17,900 
Tron FeCl, .4H,O 400 ,, |+ 2,750 
56'0 Fe,Cl, 2000 ;, |+ 63,360 
FeSO, .7H,0 ZOO) 55, |= 45510 
CoCl, 400 5, ae 18,340 
CoCl, .6H,O 400 ,, |— 2,850 | 5°80 
CoSO, ( 7H,O 800 Wot. Sere | 7-10 
Co(NO3)2.6H,O 400 ,, |— 4,960 | 6°08 
NiCl, 400 ,, |+ 19,170 
Nickel | NiCl,.6H,O 400 ,, |— 1,160 | 6'02 
58°5 NisO;.. 77,0 800 ,, |— 4,250 | 7°03 
NiS,0¢. 6H,0 400 », |= 2,420 | 6°08 
Ni(NO;),.6H,O 400 55 |— 75470 | 5°93 
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Amount of “pes bape Amount of 
Metal. Molecular formula. water in the | gram-mole- Wailer #0: 
solution. cule ofthe | ComMing.to 
substance. analysis. 
CuCl, 600 mol. |+ 11,080c 
CuCl, . 2H.0 400 4, |+ 4,210 
CuBr, 400 4, | 8,250 
CuSO, 400 ,, |+ 15,800 
Copper CuSO,.H,0 400 5, |+ 9,340 
63°5 CuSO, . 5H,0 400 ;, = 2,750 
K,Cu(SO,4)z 600 ,, |+ 9,400 
K,Cu(SO,), .6H,O 600 ,, |— 13,570 | 6°17 
CuS.0¢. 5H,0 400 5» |7 4,870 5°00 
; cl te a oes » |— 10,710 | 6’01 
= 33 |— 20,200 
Thallium tke. "370 » |— 3,080 
204, Aso” hea Bi $380 
24 ae aa ’ 
T1,(NOs)2 600 5, |— 19,940 
ae 1800 ,, |— 6,800 
: r 2500 ,, |— 10,040 
pins Pb(NO,). goo" |= 7,610 
PbS,O,. 4H,O 40o ,, |— 8,540 | 4°14 
Pb(C,H.0,),. 3ilgO $00 ,, |— 6,140 
' SnCl, 400° hs 1% 350 
Tin SnCl, . 2H,O 260, 4, |= “5.370 
119 acts H,O GOD g, i= 19,420 
Sn DO ayo it 2h 
K,SnCl, giaeg oh 
HgCl, 300 4, |— 3,300 
Mercury K,HgCl,. H,O 600 ,, |— 16,390 
200 K,HgBr, 600. 4, [= 9,750 
K.Hel, 800 ,, |— 9,810 
eter Ag.(NOs)2 4oo ,, |— 10,880 
a Ag,SO, 1400 ,, |— 4,480 
i sae Pl 400 ,, |— 10,360 | 2°38 
u GO. 45 iat 2) , 
AuCl,.2H,0 fat > theo lake 
Gold 2 ” 1,690 4°10 
196 sie a 400 4, |= 5530 
uBr 2000 ,, |— 3,760 | 5° 
HAuBr,. 53,0 TOOG Nyy) > z ies sid 
Palladium { K,PdCl, 800 ;, |— 13,630 
106 K,PdCls —” |— 15,000? 
Korii, 600 ,, |— 12,220 
(NH,),PtCl, 660 ,, |\— 8,480 
K,PtClg _— — 13,760 
Na,PtCle 800 ,, | 540 
Platinum Na,PtCl,. 6H,0 900 ,, |— 10,630 | 5°98 
198 K,PtBr, S00 55. |= 10,630 
K,PtBrg 2000 ,, |— 12,260 
Na,PtBre 600 ,, |+ 9,990 
Na,PtBr,. 6H,O 800 ,, |— 8,550 | 6°05 
(NH,),PtCl, . H,O 400 ,, |— 8,760 
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B. THEORETICAL RESULTS." 


1. To draw conclusions of general application concerning 
the thermal effect due to the solution of substances in water is 
necessarily a difficult problem, owing to the variety of opera- 
tions which in some cases come into play; but certain 
general conclusions can nevertheless be drawn from the large 
amount of material available. 

The first subdivision treats of the heat of absorption of 
gaseous substances, which is naturally always fositive, since the 
substance changes its state from gas to liquid, and the thermal 
effect will consequently correspond to the heat of vaporization, 
provided that no secondary reactions take place, which will 
almost always be the case. 

The second subdivision gives the heats of solution of some 
few liquids ; and here, too, it is noticed that the thermal effect 
is always Positive, which again is easily explained. For even if 
no chemical action takes place between the water and the liquid 
dissolved therein (as, for instance, in the formation or decompo- 
sition of hydrates), there must still be some effect produced, 
since the molecules of the substance and of the water will form 
a homogeneous liquid wherein all the molecules have a uniform 
motion ; but such an equalization of molecular velocities, with 
the retention of the acquired momentum, must result in a 
‘development of heat. 

Thence it follows that the xeat of absorption of gases must 
always be greater than their heat of condensation. This, indeed, 
is shown by comparing a couple of the numbers taken from 
the two preceding groups. For SO, and NH; the heats of 
absorption of the substances in the gaseous state, as well as 
their heats of solution when liquefied, have been experiment- 
ally determined. The following figures are taken from the 
tables :— 


i SOg NHg 
Heat of absorption of gas . . . 7700Cc 8430¢ 
Heat of solution of liquid . . . 1500 3400 
Heat of condensation. . . . . 6200c 5030c 


That the thermal effect for many of the substances recorded 
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in the tables is very considerable is due to the fact that, in 
these cases, the solution of the substance in water is accom- 
panied by the formation of a hydrate; as, for instance, on 
solution of SO;, or by a decomposition, as in the case of 
COC. 

In the ¢hird subdivision, containing solid compounds of the 
non-metals, the thermal effect is generally megative, when there 
is neither hydrate formation (P.O;), nor complete decomposi- 
tion (PCI,) taking place; and from this characteristic it follows 
that the substance in solution goes from the solid into the 
liquid condition. 

The thermal effect on solution of a substance in the liquid 
condition must always be greater than that of the same sub- 
stance when crystallized ; the difference constitutes the heat of 
fusion, which must always be positive. The tables give many 
examples of this, since the heats of solution have been measured 
for H,;PO,, H,PO;, and H;PO,, in the liquid as well as in the 
crystallized condition, and at the same temperature, with the 
following results :— 


HgPO4 H3POs HsPO2 
Acid (liquid) . . . . 5210¢ 2940 c 2140 Cc 
Acid (crystallized). . . 2690 —130 —170 
Heat of fusion >. 5 « 25206 3070 c 2310 c 


2. The fourth subdivision includes the heats of solution of 
200 compounds, the oxides, hydroxides, halides, and oxy-salts 
of 30 metals in all, From a closer comparison of all these 
numbers we are able to draw some conclusions of a more 
general character. 

The heats of solution of axzhydrous salts exhibit the follow- 
ing relations :— 

(a) Anhydrous chlorides, bromides, iodides, and salts, 
which dissolve in water with evolution of heat, are 
able to form crystalline compounds with water (or 
are completely decomposed by it). 

(6) Chlorides, bromides, iodides, and salts, which do not 
form crystalline compounds with water (nor are com- 
pletely decomposed by it), dissolve in water with 
absorption of het. 
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Thus the frst of these two groups contains the anhydrous 
halides with positive heats of solution ; these include compounds 
of Li, Ba, Sr, Ca, Mg, Al, Zn, Mn, Fe, Co, Ni, Cu, and Sn, 
which can also all form crystalline compounds with water. To 
this group belong, in addition, CdCl, and CdBr, with positive 
heats of solution and corresponding hydrates, whilst Cdl, 
belongs to the other group with a negative heat of solution and 
without a corresponding hydrate. Compounds of gold show a 
similar relation; the heat of solution of AuCl, is positive, and 
the chloride gives a hydrate AuCl,.2H,O; for AuBr,, on the 
other hand, it is negative, and there is no corresponding 
hydrate. An exception occurs in the case of NaCl and NaBr, 
the heats of solution of which are weakly negative, respectively 
—1180 cand —1g90c; but these substances nevertheless form 
hydrates, the water in which is, however, very loosely bound ; 
Nal, on the contrary, follows the rule. 

The second of the two groups is composed of the anhydrous 
halides which do not form hydrates (or undergo decomposition), 
and of which the heats of solution are negative, as, for instance, 
the halides of K, Pb, Hg, Tl, and Ag, together with Cdl, and 
AuBr;, as well as the double halides of potassium with Pt, Pd, 
and Hg. For all these compounds the heat of solution is 
negative, usually very strongly so; as, for instance, — 20,200 c 
for Tl, Cl,, and from —10,000c to —15,000 ¢c for the potassium 
halide compounds mentioned ; for sodium platinichloride and 
bromide, on the other hand, it is, in accordance with rule a, 
positive, since these substances form hydrates. 

Oxy-salts behave in a similar manner. Zhe salts of 
potassium are for the most part anhydrous; thus chloric and 
bromic acids, dithionic, trithionic, and tetrathionic acids, nitric, 
sulphuric, dichromic, perchloric, and periodic acids all form 
potassium salts which are anhydrous, while with other bases 
these acids form, as a rule, hydrated salts. Potassium salts 
belong, therefore, to the second group of compounds, and 
their heats of solution are also strongly wegative ; the carbonate 
alone dissolves with evolution of heat, combines with water, 
and belongs to the first group. 

Sodium salts have a greater affinity for water than potassium 
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salts; they are usually hydrated, and consequently many of 
the anhydrous sodium salts dissolve with evolution of heat, as, 
for instance, the carbonate, sulphate, phosphate, pyrophosphate, 
and borate, which consequently, according to rule, belong to 
the first group. 

The anhydrous salts of the magnesium group all have a 
positive heat of solution, they form hydrates, and belong to the 
first group ; whilst lead, thallium, and silver salts, which do not 
form hydrates, belong to the second group and dissolve with 
absorption of heat. 

Hydrated salts ought, in accordance with the rules laid 
down, to have negative heats of solution ; this, again, is usually 
the case, and will certainly always be so when the salt contains 
the maximum number of molecules of water which it, or similar 
salts, are able to take up. 

3. Regularity in the heat of solution of salts—A comparison 
between the heats of solution of allied salts leads to noteworthy 
results, some of which will now be considered. 

Sulphates and nitrates of the K, Na, Tl, and NH, group 
show nearly equal differences between their heats of solution. 
Thus the tables give 


R= | K Na | Tl NH, 
R,SO, .. .| — 6,380c|] + 460c | — 8,280c| — 2,370c 
ZRNO, . . « |. =—T7sOAo —10,060 | —19,940 | —12,640 

Difference. . 10,660 c 10,520 ¢ 11,660 c 10,270 c 
| 


Sodium, potassium, and lithium.—The differences between 
the heats of solution of the halides of sodium and potassium 
show the following conformity :— 


2NaCl — 2KCl= 6,520c= 2 X 3260 + 
2NaBr— 2K Br= 9,780 = 3 X 3260 

2Nal — 2KI = 12,660 = 4 X 3165 | 

Na,PtCl, — K,PtCl, = 22,300 = 7 X 3186 
Na,Ptbr, — K,PtBr, = 22,250 = 7 X 3179 
2LiCl — 2NaCl = 19,240 =6 X 3207 
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In the first group the differences between the heats of 
solution of chlorides, bromides, and iodides are in the ratio of 
23:4; in the second group, where the values are equal to 
one another, we find the same constant but multiplied by 7. 
Similarly the difference between the heats of solution of the 
chlorides of lithium and sodium is a multiple of the same 
constant. 

Lead, silver, and thallium.—¥yrom the values given later, 
in Chapter V., we can deduce the following heats of solution 
for the halides of these substances :— 


PbCl, — 2AgCl = 24,900 c = 4 X 6225 c 
PbBr, — 2AgBr == 30,180 = 5 X 6036 | 
PbI, — 2Agl = 36,870 = 6 xX 6145 

PHCL = 2TICl= tg.400 = 4 & 3350 
PbBr, — 2Tibr= 16,460 = x g202 | 
Pb, = 2Tll = 19,740 = 6 x 3288 


Of these values only the heats of solution of PbCl,, PbBr., 
and 2TICl were estimated by direct experiment; the others 
are arrived at by calculation; the agreement is, therefore, 
particularly noteworthy. 

Magnesium, calcium, strontium, and barium.—The heats of 
solution of the halides show the following relation :— 


MgCl, ~ CaCl, = 18,510 c= 6 K 3035, c 
Cac =—S&Ch = 6,270 = 2 K args 
och, — Balk = 9,070 = 3 xX s629 
For the corresponding hydrated salts we find 


CaCl, .6H,0 = SrCl,, 65,0 = 3260.¢ = 2 X 3160.¢ 
CaBr,. 66,0 — Sib. 6H,0'= brgo =o K 3065 
Copper, barium, and tin show the following differences :— 
Cuch = Bath = gata ¢ = 4 K 7003 ¢ 
CuBr, — BaBr, = 3270 =1 X 3270 
CuCl, . 2H,0— BaCl,.2H,.0 =or0 = 3 XK 3047 
CuCl,. 2H,O — SnCl,.2H,O = 9580 = 3 X 3193 


All the differences noted between the heats of solution of 
two related compounds would thus appear to be multiples of 
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a constant, equal to from 3000 c to 3200 c, and of a simple 
integer. 

4. Dependence of the heat of solution upon the molecular 
weight of the substance.—¥or allied compounds the heat of 
solution appears to change uniformly with the atomic weight 
of the constituents. In the case of the halides of the alkaline 
earths corresponding to the formula #Q,, where # is an atomic 
weight respectively of 24, 40, 87, and 137, whilst Q equals 35, 
80, and 127, respectively, for Cl, Br, and I, the heat of solution 
rises simultaneously with the atomic weight of the electro-negative 
radical Q, but decreases when the atomic weight R of the metal rises. 
The heats of solution are as follows :— 


RQe2 R 6) O=Br O=7 
MgQ: 24 35,920 ¢ = ~ 
CaQ, 40 17,410 24,510 c 27,690 c 
SrQ, 87 II,140 16,110 — 
BaQ, 127 2,070 4,980 = 


A similar relation, namely, that the heat of solution decreases 
when the atomic weight of the electro-positive radical of the 
compound increases, is shown by the combinations R,Cl, and 
RCl,; their heats of solution are :— 


ReCl¢ R Heat of solution. RClq R | Heat of solution. 
Al,Cl, 27 153,690 c SiCl, 28 69,290 c 
Pale 3I 130,280 AG 50 57,870 
Fe,Cl, 56 63,390 SnCl, 118 29,920 
As,Cl, 75 35,160 
SbCl, 120 17,600 
Au,Cl, 197 8,900 


The members of the following group behave in a similar 
manner, in that the heats of solution decrease with an increase 
of atomic weight of the electro-positive radical in the molecule 
RQ,; but at the same time, in contradistinction to that which 
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is observed in the preceding group, the heats of solution also 
decrease when Q increases. 


RQ»2 R @=Cl Q=Br Q=!I 
ZnQ, 65 15,630 c 15,030 c II,310c 
CuQ, 64 11,080 5,250 — 
CdQ, 112 3,010 440 —9g60 
PbQ, 207 — 6,800 | —10,040 — 


From a comparison of these numbers it would appear that 
the heat of solution of a substance depends in a perfectly 
regular manner upon the atomic weights of the constituent 
elements, although no fixed rule can be laid down. 

5. Summary.—Briefly, the relations observed between the 
heats of solution of halides and oxy-salts can be expressed as 
follows :— 

(2) Anhydrous chlorides, bromides, iodides, and _ salts 
which dissolve in water with evolution of heat, form 
crystalline compounds with water (or are completely 
decomposed by it). 

(4) Chlorides, bromides, iodides, and salts which do not 
form hydrates (nor are completely decomposed in 
aqueous solution) dissolve in water with absorption 
of heat. 

(c) The heats of solution of hydrated halides and oxy-salts 
are negative when the salt has taken up its maximum 
amount of water. 

(2) The thermal effect of hydrate formation is positive. 

(ec) The magnitude of the heat of solution depends upon 
the atomic weights of the constituent elements of 
the substance in the following manner :— 

(t) For analogous halides with the same electro- 
negative element the heat of solution if 
positive is greater, if negative less, the lower 
the atomic weight of the metal ; and 

(2) For analogous compounds with the same 
electro-positive element the heat of solution 
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sometimes rises simultaneously with increase 
of atomic weight of the electro-negative 
element (which holds for Mg, Ca, Sr, Ba, Na) ; 
it sometimes falls with the same increase 
(valid for Zn, Cu, Cd, Au, Pb, Hg, Ag, Tl). 
Apparently the metals group themselves as 
light and heavy metals. 

Although these results are drawn from a very large number 
of observations on heats of solution, it is, of course, possible 
that they may be modified by further researches. 

Information respecting the probable heats of solution of 
many very sparingly soluble salts will be found in Part IIL, 
under the articles lead, thallium, mercury, and silver. 


CHAPTER If 


HEATS OF SOLUTION OF PARTIALLY DEHYDRATED 
SALTS, THEIR HEATS OF HYDRATION, AND CON- 
STITUTION 


A. NUMERICAL RESULTS. 


1. Heat of total hydration—Among the results considered in the 
preceding chapter the heats of solution of a number of hydrated 
salts are to be found. For most of these the heat of solution 
of the corresponding anhydrous salt is also recorded, and the 
difference between these two numbers will therefore denote the 
thermal effect which takes place when the anhydrous salt 
unites with a definite number of water molecules to form the 
crystalline hydrate. Thus the heat of solution of 1 gram- 
molecule of SrCl, is 11,140 c, whilst for the gram-molecule 
SrCl, . 6H.O, the value is —7500 c, and the difference between 
these two numbers, namely 18,640 c, is therefore the thermal 
effect due to the union of the anhydrous salt with 6 gram- 
molecules of water; that is to say, the heat of hydration of the 
anhydrous salt. 

The heat of hydration arises as a matter of course partly 
from the affinity of the salt for water, partly from the latent 
heat of the water, since the water molecules change their state 
of liquid aggregation to become the constituents of a solid 
body. If we wish to give the thermal effect due to the union 
of a salt with water in the solid state, that is with ice, we must 
decrease the thermal effect by 1440c for each molecule of 
water; then the value for SrCl,.6H,O will be only 18,640c¢ 
—6X1440C, or 10,000 ¢, 

The heat of hydration varies considerably for different 
salts, being partly dependent upon the nature of the salt, partly 
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upon the number of molecules of combined water. In the 
table below is a summary of the heats of hydration of those 
salts of which the heats of solution were given in the tables 
of the preceding chapter. All values refer to a temperature 
of about 18° C., and to water in the liquid state. 


TABLE 2. 


HEAT oF TOTAL HYDRATION. 


(MgCl,, 6H,O) 
(SrBxr,. Ol) 
(SrCle. 6hicO) 
(CaCl,, 6H,O) 
(CoCl,, 6H,O) 


32,970 c (Na,PtCl,, 6H,O) 19,170 ¢ 
23,330 (Na,PtBr,, 6H,O) | 18,540 
18,640 (K,Mg(SO,)., 6H,O) 20,620 
21,750 (K,Zn(SO,)., 6H,O) 19,810 
21,190 (K,Cu(SO,)2, 6H,O) | 22,970 


(NiCl,, 6H,O) 20,330 
(MnCl,, 4H,O) 14,470 c | (K,Mn(SO,)., 4H.O) | 12,820c 
(FeCl,, 4H,O) 15,150 (CaN,O,, 4H,O) | 11,200 
(CdBr., 4H,0) 73730 (SrN,O04, 4H,O) | 7,680 
(BaBr,, 2H,O) | ‘ojiro.c (SaCl,, 24,0) 5,720 Cc 
(BaCl,, 2H,0) 7,000 (Nal, 2H,O) 5,230 
(CuCl, 2H,0) 6,870 (NaBr, 2H,O) | 4,520 
(AuCl,, 2H,O) 6,140 (CdCl,, 2H,O) 5,290 
(Na,HPO,, 12H,O) 28,470 c (CuSO,, 5H,O) | 18,550 c¢ 
(Na, P07, 10H,@) 23,520 (MnSO,, 5H.O) -13,750 
(Na,CO;, 10H,O) 21,800 (CdSO,, $H,O) 8,080 
(Na,SO,, 1OoH,O) | 19,220 (Na,S,0,, 2H,0) 6,280 
(MgSO,, 7H,0) 24,080 (K,CO,, 3H,0) 6,870 
(ZnSO,, 7H,O) | 22,690 (Li,SO,, HigO) 2,640 


The foregoing numbers give the total heats of hydration 
corresponding to the combination of the anhydrous salt with 
the maximum amount of water with which it forms the normal 
hydrate. The question now arises: Can any difference be 
detected in the thermal effect due to the addition of the sepa- 
rate molecules of water, and will this knowledge eventually 
give us an insight into the constitution of the normal hydrated 
salts ? 

2. Heat of partial hydration.—In order to gain information 
as to the strength with which the individual molecules of water 
are bound in crystalline hydrates, it was necessary to prepare 
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partially dehydrated salts and then to measure their heats of 
solution. The dehydration was carried out in a large, well- 
ventilated drying apparatus, specially constructed for the 
purpose, and in which the temperature could be accurately 
regulated. The finely powdered salt was placed upon a flat 
platinum plate, and the drying was continued for a consider- 
able period at a constant temperature; each plate contained 
a known amount of salt. By weighing from time to time the 
progress of dehydration could be controlled; and when the 
weight showed that the required number of molecules of water 
had been driven off, the salt was analyzed, and then the heat 
of solution per gram-molecule in 400 gram-molecules of water 
was measured at the usual temperature of 18° C. It is hardly 
possible to carry out the dehydration so as to obtain a salt 
with the exact complement of molecules of water required ; 
but by interpolation the heats of solution can be calculated 
for the salt with whole numbers of water molecules. In 
vol. iii. of Therm. Unters., pp. 115-181, are found all par- 
ticulars relating to 300 calorimetric experiments ; here we shall 
only give the results which were obtained on calculating the 
heats of solution of salts containing whole numbers of water 
molecules. 


TABLE 3. 
HEAT OF PARTIAL HYDRATION. 
(a) Salts with an Even Number of Molecules of Water. 


I. DI-soDIUM HYDROGEN PHOSPHATE, Na,HPO,.12H,0O. 


Salt. Heat of solution. Heat of partial hydration. 
Na,HPO + 5,640 c . ; 
Na,HPO, . 2H,0 aes 0830 Se 
Na,HPO,.7H,O —11,640 4) a = hel 
Na,HPO,. 12H,O — 22,830 Boo 5s 225 


2. SODIUM PYROPHOSPHATE, Na,P,O,. 10H,O. 
INET EMO +11,850 c 


Na,P,O,. H,O + 9,380 2,470 c = I X 2470c 
Na,P,0, . 2H,O $7030 2380 = 1X 2350 
Na,P,0,. 5H,O ae 5 i 9 a 2327 
Na, PO; . 10H,O — 11,670 »7 =5 344 
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3. SODIUM SULPHATE, Na,SO,. 10H,0. 
Heat of partial hydration. 


Salt. 
Na,SO, 
Na,SO,. H,O 
Na,SO,.2H,O 
Na,SO,.5H,O 
Na,SO,. 10H,O 


-- 


Heat of solution. 


460 c 
1,900 
3,740 
9,380 


— 18,760 


2360 c = I X 2360¢ 
1840 =I X 1840 
5640 = 3 X 1880 
9380 =5 X 1876 


4. SODIUM CARBONATE, Na,CO,.10H,O. 


Na,COs 
Na,CO,. H,O 
Na,CO, . 2H,O 
Wa:CO, -3h,0 
Na,CO, .4H,O 
Na,CO,.5H,O 
Na,CO, .6H,O 
Na,CO,.7H,O 
Na,CO, . 8H,O 
Na,CO,.9H,O 
Na.CO,. 10H,O 


Na,PtCl,.2H,0: 


lite i++ 


3537 = 2x 1768 


3382 c = 5 3382¢ 
2211 = 1 X 2211 
ocd \ 4245 = 2 X 2122 
ne \ 4210 = 2 X 2105 
Tee \ 4211 = 2 X 2105 
1764. \ 


1773 


5, SODIUM PLATINICHLORIDE, Na,PtCl,. 6H,0. , 


Na,PtCl, 
Na,PtCl,. H,O 


Na,PtCl,. 3H,O 
Na,PtCl,. 44,0 
Na, PtCl, . 5.0 
Na,PtCl,. 6H,O 


SrCl, 


Srele. 
SrCli. 
Snell 


SrCl, 


SrCls . 
SrGlo. 


BaCl, 


Bal, . 
BaCl,. 


SrBr, 


SrBr,. 
SrBr, . 
SrBr,. 
SrBr,. 
SrBr, . 
SrBr.. 


+ 
-- 


8,540 ¢ 
4,210 
80 
2,610 
5,200 
7;920 


10,630 


4330 ¢ 
4290 
2530 
2590 
2720 
2710 


\ =2x 4gt0c 
\ = 2 x 2560 


} = 2x 2715 


6. STRONTIUM CHLORIDE, SrCl,. 6H,0. 


60c =I X 5260c 

H, 880 24 

ao pi Sr 3803 =I X 3803 
3H,O = 387 are \ = 2X 2456 
iene) — 2,836 aaak 

5H,O — 5,164 Rs 6 \ = 2 X 2332 
61,0 — 7,500 33 
7, BARIUM CHLORIDE, BaCl,. 2H,O. 
11,0 ig 3iyoc =1X 3170C 
211,0 — 4930 3830 = 1 X 3630 
8. STRONTIUM BROMIDE, SrBr,. 6H,O. 

"0 ie 61soc =I X 6150¢ 
2H,O + 6,160 eee Biddle 6) 

H,O ,060 

aHL0 = . ate 3100 > = 3 X 3120 
5H,O0 — 3,200 3100 ad 

oH.O — 77220 4020 I X 4020 
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9g. PoTAssIUM MANGANOUS SULPHATE, K,Mn(SO,),. 4H,O. 


Salt. Heat of solution. Heat of partial hydration. 
K,Mn(SOQ,). » G380'¢° 47,5 
K.Mn(SO,),.H,0 + 1760 4 a =2x 4645c 
K,Mn(SO,),.2H,O — 2910 ante 
K,Mn(SO,)2.3H:0  — 4600 129° \ =2x 1762 
K,Mn(SO,)2.4H,O  — 6435 1°35 

to. POTASSIUM COPPER SULPHATE, K,Cu(SO,),..6H,O. 
K,Cu(50,), + 9,400 c 
K,Cu(SO,),. H,O + 4,100 3300 “ = 2X 5305¢ 
K,CulS0,),.2H,0 .— 2,210 . 590° 
KCu(SO,),.. 3.0 — 4,290 : a } = 7) 4 Pe\0 5, 
K.Cu(SO,)..4H,0  — 7,200 ee 
K,Cu(SO,),.5H,0 10,460 3200 } =2 x 3185 
K,Cu(SO,),.6H,O —-13,570 3 


K,Mg(SO,),.H,O + 6,122  4478¢ 
K,Mg(SO,).. 2H,0 + 741 & 
K,Mg(SO,),.3H.O — 2,038 ee 
K,Mg(SO,)2-4H,0  — 5,160 3 
K,Mg(SO,).-5H:O  — 7,954 3606 
K,Mg(SO,),.6H,O — 10,024 


12. POTASSIUM ZINC SULPHATE, K,Zn(SO,),. 6H,0. 
K,Zn(SO,). + 7,909 c 


K,Zn(SO,),. H,O 4+ 4,055  3554¢ 
K,Zn(SO,)2.2H,O + 446 3299 
K,Zn(SO,)2.3H,O — 2,634 30° 
K,Zn(SO,),.4H,0 — 5,010 ope 
K,Zn(SO,).. 5H,O ~ 9,176 + 
K,Zn(SO,)». 6H,O aii,goe, “14 

13. CaCl, .6H,0. 14. MgCl,. 6H,0. 


Heat of Solution of the Salt, 


n CaClg.nH2O m MgClg.mH20O 
o'o 17,410 c o'0 35,920 c 
1°67 10,800 3°05 14,871 
1°98 10,036 4°51 8,360 
2°75 6,927 4°61 7,781 
3°49 35752 5°05 6,181 
376 2,971 61 2,950 
6°07 = || «= = 4,340 


T.P.C, F 
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(6) Salts with an Uneven Number of Molecules of Water. 
15. MAGNESIUM SULPHATE, MgSO,.7H,0O. 


Salt. Heat of solution, Heat of partial hydration. 
MgsoO, 20,280 c 
MgSO, .H,0 13,300 — 5 
MgSO,.2H,0 11,050 aa 
MgSO, . 3H,0 7ago 30 
MgsSO,. 4H,O 4,240 a? 
MgSO,.5H,0 2,010 ps 
MgSO,.6H,O — 100 aad 
MgSO,.7H,O 3,800 2 


16. ZINC SULPHATE, ZnSO,. 7H,0. 
Thsss\O), 18,430 c 


ZnSO, . H,0 9,950 SA8OC 
7nSO,. 2H,0 ee oe \ 
7nSO,. 3,0 5,270 “ A 
ZnSO, .4H,0 3,500 he 
ZnSO, . 5H,0 1,300 See \ 
ZnSO,.6H,O = aa. 2 
ZnSO, .7H,O —4,260 347° 


17. COPPER SULPHATE, CuSO,.5H,O. 


CusO 15,800 c 
CuSO, . H,0 9,330  O470c 
CuSO,. 2H,0 6,160 317° \ 
CuSO,. 3H,O 2,810 a 
CuSO,.4H,O 630 80 
CuSO,.5H,O0 — 2,750 33 
18. MANGANOUS SULPHATE, MnSO,. 5H,0. 
MnsSO 13,790 Cc 
MnSO,. H,0 7,810  5980¢ 
MnSO,. 21,0 6,240 pb 
MnSO, . 3H,0 4190 2 \ 
MnSO,. 4H,O 2,240 mse 
MnSO,. 5H,O 40 
19, CADMIUM SULPHATE, 3CdSO,.8H,0. 
3CdSO 32,220 c a . 
3CdSO,. 3H,0 sig Lee aS ee 
3CdSO,. 8H,O 1.g60 9 ORR 
20, PoTASSIUM CARBONATE, 2K,CQ,,. 3H.0. 
2K,CO 12,980 c = 
2K,CO;. H,0 8,560 4420 C = I X 4420¢ 


2K,CO,. 3H,O0 = 960 9320 = 2 x 4660 
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B. GENERAL CHARACTER OF THE HEAT OF HYDRATION. 


In the table above, which contains researches on the heats 
of partial hydration of 20 salts, a distinction is made between 
salts with an even and those with an odd number of molecules 
of water. The reason of this is that in the case of the first- 
mentioned salts the thermal effects corresponding to the 
addition of the individual molecules of water are far more 
uniform, and this can be explained if we suppose that in the 
first group the molecules of water are symmetrically arranged 
around the nucleus of the salt; in the second case, on the 
other hand, the addition of the first molecule of water, which 
is accompanied by a considerable thermal effect, produces a 
disturbance in the symmetry of the molecule. I shall there- 
fore refer to each group separately. 

(a) Salts with an even number of molecules of water.—From 
the numbers given above it is evident that the individual 
molecules of water in the hydrated salts are bound with 
unequal strength ; sodium pyrophosphate alone appears to have 
all 10 molecules bound in the same manner, and with a strength 
corresponding to 2352c for each gram-molecule of water. It 
is true that the first molecule seems to have a slightly greater 
thermal effect (2470c); but this may be accidental. 

Di-sodium hydrogen phosphate has a total heat of hydration 
of 28,470 c, which, distributed between the 12 molecules of 
water, gives a mean value of 2370 c, almost the same as in the 
case of the pyrophosphate ; but the separate molecules are not 
bound in the same manner; the first two, which give 3015 c 
for each gram-molecule, are more strongly bound than each of 
the following ro, which are all bound with the same strength, 
namely 2244c. ‘This is altogether in accordance with the 
observation that the salt very quickly loses 1o molecules of 
water by standing over lime, leaving a salt with 2 molecules 
of water; and, moreover, it is this last-mentioned salt which 
is formed, without separation of water, when phosphoric acid 
is treated with caustic soda, thus 


2NaOH + H;PO,; = Na,HPO,.2H.0O. 
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Curiously enough, the well-known salt Na,HPO,.7H,O is not 
indicated by the heat of hydration; thus for the last 5, and for 
the 5 preceding, molecules of water the heats of hydration are 
equal, namely, 11,190 c and 11,250¢. 

Sodium sulphate with to molecules of water agrees very 
closely with the preceding salts; but its heat of hydration is 
rather small. The ji7s¢ molecule of water has a heat of 
hydration of 2360c, which is equal to that found for each of 
the ro molecules in the pyrophosphate. But the rest of the 
water is even more weakly bound, and the heat of hydration 
is the same for each of the following 9 molecules, namely 
1873. c; there is no indication of the formation of any other 
hydrates. The first-mentioned salt, Na,SO,.H.O, is the one 
which separates when a concentrated solution of the sulphate 
with ro molecules of water, made at 30°, is warmed; the salt is 
usually taken as anhydrous, but contains 1 molecule of water 
(see 2.c5 PD, 122), 

Sodium carbonate with 10 molecules of water shows rather 
more complex behaviour; an investigation of the heats of 
hydration of each of the ro molecules was therefore deemed 
advisable. From the values obtained we see that the addition 
of the first molecule entails a comparatively large evolution of 
heat, namely 3380 c; for the 7 following molecules the average 
value is 2125 c, and finally the last two molecules develop 
equal amounts of heat, viz. 1768c. But the 7 molecules do 
not each show the same heat of hydration; the following 
numbers, taken from the preceding table, 

end 3rd 4th sth 6th 7th 8th mol. water 
@215G 2110c 2195¢ 2436¢ %7740 2gh3c 1858c 
siaelial Nie SR os eet fh D> Bilis. ta Ron 
4245 c 4210 c 4211 c 


show that although the thermal effect is unequal for the single 
molecules, yet nevertheless the sum of two consecutive numbers 
is equal; thus the 3rd and 4th, the 5th and 6th, or the 7th 
and 8th, gram-molecules of water taken in pairs give nearly 
identical thermal effects. Whether this points to the existence 
of salts with 4, 6, and 8 molecules of water, or whether it is due 
to an irregularity in the dehydration of the salt, is difficult to 
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decide; but very possibly we have here an indication of a 
phenomenon of even greater importance, and which is observed 
still more plainly in the three following salts. 

Sodium platinichloride, potassium copper sulphate, and fotas- 
sium manganous sulphate, with respectively 6 and 4 molecules 
of water, show with absolute certainty that when pairs of 
molecules of water are taken up they develop nearly equal heats 
of hydration ; and, moreover, the first pair in all three salts 
shows a greater heat of hydration than each of the following. 


_ The natural explanation of this phenomenon is that the mole- 


cules of water are symmetrically arranged in pairs around the 
nucleus of the salt,so that the structure of the crystallized salt is 
symmetrical with respect to the water molecules concerned. 

Strontium chloride, strontium bromide, and barium chloride.— 
The heats of hydration of these salts are unequal for the first 
2 molecules of water; but for the remainder strontium 
chloride presents the above-mentioned phenomenon, namely, 
that the 4 following molecules are taken up in pairs with the 
same thermal effect. This behaviour is consistent with the 
constitution which, after thorough investigation, I have pro- 
posed for hydrochloric acid and its salts (Therm. Unters., i. 
430-444). According to this, hydrogen chloride is the 
anhydride of an acid HOCIH,, of which the normal salts of 
the divalent metals correspond to the formula R(OCIH,),, thus 
CuCl, . 2H.O, BaCl,.2H,O. Itis these two molecules of water 
that are taken up by the anhydrous salt with so great an 
evolution of heat, whilst the following molecules are added on 
symmetrically and in pairs. It is noteworthy, in addition, 
that the other molecules of water in all three salts are taken 
up with an equal thermal effect, respectively 3803, 3800, 
and 3830 Cc, 

Potassium magnesium sulphate and potassium sine sulphate 
with 6 molecules of water resemble the corresponding salts of 
copper and manganese; but unfortunately they cannot be 
prepared in so pure a state as the copper salt, which is 
precipitated in small, well-formed crystals on mixing solutions 
containing copper sulphate and potassium nitrate of equivalent 
concentrations ; these, after being separated from the mother 
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liquor by means of a filter pump, and washed with a cold 
concentrated solution of the salt, are quite pure. ‘The other 
two salts, on the contrary, owing to their greater solubility, and 
to the ease with which they decompose into their constituent 
salts in concentrated solution, cannot be formed in the above- 
mentioned manner, and they therefore always contain a slight 
excess Of one or the other salt. Also there is a greater 
uncertainty as to the dehydration of these salts than is the case 
with the copper salt. Experiments with these two double 
sulphates cannot therefore be regarded as so reliable as the 
preceding examples ; but it is noticeable, nevertheless, that the 
heat of hydration is greater for the first 2 molecules of water 
than for those following. It will also readily be observed that 
the sum of the heats of hydration of the last 4 molecules of 
water is equal for the zinc and for the copper salt, namely, 
12,346 c and 12,360C respectively. 

The chlorides of calcium and magnesium have, as is well 
known, a very strong attraction for water, which also finds 
expression in their very large heats of hydration, respectively 
21,750c and 32,970c. Magnesium chloride adds on the first 
3 molecules of water with a heat evolution of 21,050 c, or an 
average of 7ooo c for each gram-molecule ; this is the greatest 
heat of hydration that has been observed. ‘The dehydration 
of the crystallized salt containing 6 molecules of water is 
attended with great uncertainty, and for magnesium chloride it 
cannot be carried beyond 3 molecules without partial hydrolysis 
of the salt. The experimental results are given above; but 
I do not regard them as sufficiently trustworthy to be available 
for determining the heat of hydration by interpolation of the 
individual molecules of water. 

(2) Salts with an uneven number of molecules of water.—Of 
the salts belonging to this group I have investigated the 
sulphates of Mg, Zn, Cu, and Mn (Nos. t5~18), and also the 
carbonates of cadmium and potassium. ‘The experiments gave 
the usual result for all the sulphates concerned, namely, that the 
addition of the first molecule of water is attended by a great 
evolution of heat, varying between 8440 ¢c for zinc sulphate and 
4690c for cadmium sulphate (CdSO,.3H.,O), which is in 
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complete agreement with the fact that the dehydration of the 
sulphates RSO,.H.O takes place only on strong heating, 
whilst the crystallized sulphates lose their water molecules very 
easily until they arrive at the monohydrated stage. Besides 
this, we also notice here many examples of the above-mentioned 
characteristic, namely, that the heats of addition to a salt of 
two consecutive molecules of water are equal. The magnitude 
of the heat of hydration for the separate molecules is on the 
whole lower than has been observed for the rest of the salts, 
since in 11 cases it is about 2181, in 7 cases about 3404 ¢c, 
and in 2 cases it amounts only to 1670 c. 

It is curious that potassium carbonate does not take up 
a larger number of molecules of water, notwithstanding the 
fact that the heat of hydration for each of the 3 molecules is 
very high. 

The results of the preceding researches can be briefly compared 
as follows :— 

(a) The heat of hydration of hydrated salts is equal to 
the difference between their heats of solution and those of the 
corresponding anhydrous salts, and is equivalent to the amount 
of heat-change which takes place when the anhydride unites 
with the number of water molecules which the hydrate 
contains. 

(2) The magnitude of the heat of hydration varies consider- 
ably, and is dependent partly on the nature of the salt, partly 
on the number of water molecules which are taken up; the 
latent heat of the latter naturally increases the real heat 
of hydration in proportion to the amount of water, namely, 
by 1440 c for each added gram-molecule of water. 

(c) The distribution of the heat of hydration between the 
individual molecules of water is as a rule very different ; for 
one only out of the 20 salts investigated, namely, the pyrophos- 
phate of sodium, Na,P,0; + 10H,O, does it appear that all ro 
molecules have a uniform function, since the thermal effect is 
the same for each molecule taken up by the anhydrous salt— 
that is, 2352 c, 

(2) The first, and partly also the second, molecule of water 
taken up by an anhydrous salt produces as a rule a stronger, 
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sometimes a very much stronger, thermal effect than each 
of the subsequent molecules. ‘This is in complete accordance 
with the observation that the first, and sometimes also the 
second, molecule of water is more strongly bound than are the 
remaining molecules, and that a higher temperature is required 
for dehydration. This property is especially conspicuous in 
the sulphates of the magnesium group, in which the heat of 
hydration for the first molecule of water is also very consider- 
able, namely, from 6000 to 8000 c. 

(ec) The thermal effect on addition of the remaining water 
molecules also shows certain analogies for different salts. If 
from the 20 salts investigated we omit the 4 salts (Nos. 11-14), 
in which the heat of partial hydration cannot be accurately 
estimated, there remain roo determinations of the heats of 
partial hydration of the other 16 salts; if we deduct 16 of 
these, which relate to the first and partly to the second mole- 
cules of water in 11 salts, there remain 84 determinations. It 
now appears that 45 of these—that is, over a half—give values 
which approximate to that just mentioned for the heat of 
partial hydration of sodium pyrophosphate, namely 2352, 
and fall between 2100c and 2490Cc; further, that 17, or + of 
the total number of estimations, are values between 1760 
and 1860c, while the remaining 22 (or +) lie between 3000 
and 3800 c. 

(7) In many cases it would appear that the heat of partial 
hydration is equal for two consecutive molecules of water. 
This is very noticeable in the salts Nos. 5, 9, and 10, in 
which the 1st and 2nd, the 3rd and 4th, and the 5th and 6th 
molecules have equal heats of hydration, and undoubtedly 
suggests that these salts are of symmetrical configuration. A 
somewhat similar property is seen in salt No. 4, where the 
sum of the heats of hydration of consecutive molecules of water 
appears to be a constant magnitude, and may be explained in 
the same way. 


CHAPTER Ill 


INFLUENCE OF THE AMOUNT OF WATER UPON THE 
HEAT OF SOLUTION—HEAT OF DILUTION OF 
AQUEOUS SOLUTIONS 


In a preceding chapter the thermal effect due to the solution of 
substances in water was described, and the results of numerous 
series of determinations have been given; but the numbers 
quoted apply only to solutions containing that amount of 
water which is specified in each particular case. As a matter 
of fact, the thermal effect due to the solution of substances 
in water is not a constant magnitude, since it is not only 
dependent upon the nature of the dissolved substance, but 
is influenced also to a great extent by the amount of water 
present, as well as by its temperature ; we shall now attempt to 
throw light on the former of these two influences. 

Just as the researches on the heat of hydration of hydrated 
salts gave us an insight into the constitution of the salt, since 
they showed that the molecules of water which the salt is able 
to take up are differently bound, corresponding to the property 
which the salt has of forming several hydrates, so the following 
researches on the change of the heat of solution with varying 
amounts of water give us an insight into the nature of the 
solutions, and more especially afford information as to whether 
definite hydrates are formed in aqueous solution. When this 
is so the change of thermal effect with the amount of water 
must show certain fixed points, indicating the hydrates formed ; 
in the opposite case the thermal effect must, on the other 
hand, vary as a regular, continuous function of the amount 
of water. 
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In carrying out this very extensive research, which com- 
prises over 400 calorimetric experiments, the substance con- 
cerned was either dissolved in varying amounts of water, or 
a given solution was diluted with a known amount of water, 
and the thermal effect produced was measured. The experi- 
ments give the thermal effects due to the formation of solu- 
tions ranging from the greatest concentration (often for the 
anhydrous substance) to a degree of dilution which, according 
to the nature of the substance under consideration, is equal to 
200, 400, 800, and 1600 molecules of water to 1 molecule of 


substance, 


Sulphuric acid. 

Nitric acid. 

Ortho-phosphoric 
acid. 

Acetic acid. 


Sodium sulphate. 
Ammonium sulphate. 
Magnesium sulphate. 
Zinc sulphate. 
Manganous sulphate. 
Copper sulphate. 
Potassium hydrogen 
sulphate. 
Sodium hydrogen 
sulphate. 
Ammonium hydrogen 
sulphate. 


Sodium chloride. 
Ammonium chloride. 
Calcium chloride. 


Acids and Alkalies. 


Formic acid. 
Tartaric acid. 
Hydrochloric acid. 


Hydrobromic acid. 


Oxy-salts. 


Sodium nitrate. 
Ammonium nitrate. 
Strontium nitrate. 
Lead nitrate. 
Magnesium nitrate. 
Manganous nitrate. 
Zinc nitrate. 


Copper nitrate. 


Halides. 


Magnesium chloride. 


Zinc chloride. 
Nickel chloride. 


The research treats of the following substances :-— 


Hydriodic acid. 
Potassium hydroxide. 
Sodium hydroxide. 


Ammonia. 


Potassium acetate. 
Sodium acetate. 
Ammonium acetate. 
Zinc acetate. 
Potassium carbonate, 
Sodium carbonate. 
Ammonium _ hydro- 
gen carbonate. 
Ammonium tartrate. 


Copper chloride. 
Potassium bromide. 
Sodium iodide. 


It is evident from the preceding list that all the substances 
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investigated are readily soluble in water, a condition which the 
nature of the problem necessitates. 


A. Heats oF SOLUTION AND OF DILUTION oF ACIDS 
AND ALKALIES. 


Numerical and Theoretical Results. 


1. Sulphuric acid.—The thermal effect due to the solution 
of sulphuric acid in water has been investigated over a large 
range of dilution, from the anhydride SO, up to the acid with 
1600 molecules of water to 1 molecule of anhydride. There 
exist, as is well known, three crystalline hydrates, 250; + H,O, 
SO,+H,0, and SO,+2H,O ; but these can also be obtained as 
liquids at the temperature of the experiment, namely 18°, and 
it was in this condition that they were investigated. 

Experiments have shown that the thermal effect due to the 
solution of sulphuric acid in water rises with the amount of water, 
so that for every increase in the amount of water there is an 
increased development of heat. If we express these results 
graphically, we find that they give a regular curve, resembling 
very closely a rectangular hyperbola. Further investigation 
shows also that the heat of solution inwater of the hydrate H,SO, 
can be approximately expressed by the formula 


S04 HOV ee 


The following table contains the experimental results of the 
whole series of estimations, together with the formule deduced 
from the numbers. The thermal effect which is due to the 
formation of the hydrates H,SO, and H,S,O, starting from the 
anhydride is also given. 
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TABLE 4. 
(H,S0,, nL,0). 


Calculated according 
n Results of experiment. - nN rag Difference. 
m + 1°7983 | 
I 6,379 c 6,382 c —- 3c 
2 9,418 9,404 | + 14 
3 11,137 11,167 | = ae 
4 = 12,320 — 
5 13,108 13,135 : = 27 
9 14,952 14,886 + 66 
19 16,256 16,315 — 59 
49 16,684 —544 
99 16,858 —683 
199 17,065 — 636 
399 17,313 —467- 
799 17,041 — 180 
1599 17,857 17,840 | ~ 57 


(SO; 4,0) =21,320c  (H,5,0, 440) = 18,620 c 
(250;, 4,0) = 24,020 (7,50, SO;) = 2,700 


It is evident from the figures above that the evolution of 
heat is very considerable ; namely, for the three hydrates— 


(SO;, 4g) = 21,320c+ 17,860 c = 39,180 c 
1(H,S,0,, Ag) = 39,180 —124,020 = 27,170 
(7,S0;, Ag) = 39,180 — 21,320 = 17,860 


The evolution of heat decreases considerably for each 
successive molecule of water. For example, for 1 gram-molecule 
of the anhydride we have the following values for each gram- 
molecule of water :— 


rst end 3rd 4th mol. HgO 
21,320 C 6380 c 3040 C 1720 C, etc, 


We also see from the tables that the evolution of heat due 
to mixing 1 gram-molecule of H,SO, with increasing amounts 
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of water agrees accurately, for all values of 2 between r and 
tg which have been investigated, with the results calculated 
by means of the formula given, and that w#thin these limits of 
dilution there is no other hydrate in solution but ordinary H,SO,. 
Furthermore, we note the peculiar circumstance that for values 
of 2 between 49 and 799 the observed thermal effects all fall 
considerably below those calculated according to the formula, 
whilst the agreement once more becomes apparent at still 
greater dilution. It is not easy to find any explanation of this 
behaviour, except in supposing that the formula used is only 
an approximate one. 

If we insert 2 = —1 in the formula, we should obtain the 
thermal effect due to the dissociation of the hydrate H.SO, 
into SO; and H,O; for this reaction the above experimental 
results give — 21,320 c, which is a very close approximation to 
the value required by the formula, namely — 22,372 c. Onthe 
other hand, if we put 7 = —o’5 the formula gives us a value of 
— 6878 c, and for the dissociation of 2H,SO, into H.S,O, and 
H,0O, a value of — 13,756 c while the experimental results give 
—18,620 c for this reaction. We thus have here a decided 
indication that the molecule H,S,O, really is a definite hydrate, 
which on solution in water is converted into H.SO,; the latter 
is therefore the only hydrate present in aqueous solution. 

2. WVitric acid——This acid appears on the whole to agree 
very closely with sulphuric acid. Experiments were carried out 
in which the amount of water varied from 0°5 to 320 molecules 
to r molecule of HNO;. Here again the increasing evolution 
of heat can be expressed as a very close approximation to the 
hyperbolic function 


nm X 8974C 


(HINO, nH,0) =" TA 


as will be seen from the following table :— 
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TABLE 5. 


(ZiNO., HH sO), 


Calculated according 
n Results of experiment. i — | Difference. 
a+ 1°737_ 
o's 2005 c 2008 c —- 3c 
I 3285 3285 fe) 
rs 4160 4160 fe) 
2 — | 4808 —- 
2°5 5276 | 5301 ~ 
3 5710 5690 + 
4. = 6266 
c 6655 6668 - 3 
10 7318 | 7646 — 328 
20 7458 ' _ — 
40 7436 | — _ 
50 | 7421 — mecha 
100 7439 es -- 
160 | 7450 — 2 
320 7493 / 8827 — 1366 


The results calculated from the formula are in complete 
agreement with those derived from experiment, until the 
quantity of water amounts to 5 molecules for each molecule of 
HNO,, and there can therefore be no doubt that the solution 
contains only the molecule HNO;. But as soon as the 
amount of water rises above 5 molecules, we see from the table 
that the observed evolution of heat falls considerably below 
the calculated value. Exactly similar behaviour was shown by 
sulphuric acid when the amount of water rose above 19 
molecules for 1 molecule of H,SO,; but with nitric acid the 
difference appears to be much greater. 

It is also noteworthy that the thermal effect on dilution of 
nitric acid with water has already reached its maximum when 
there are 20 molecules of water to 1 molecule of HNO;, and that — 
beyond this no further change takes place; thus the mean value 
of the 6 degrees of dilution, from 20 to 320 gram-molecules of 
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water, is 7440 c, while the experimental value for 20 gram- 
molecules of water is 7458 c. It follows from this that a 
nitric acid solution which contains 20 molecules of water will 
give no thermal effect on mixing with more water; while the 
thermal effect for sulphuric acid increases with the degree of 
dilution. 

3. Phosphoric acid.—The heat of dilution of this acid is 
given in the table below, and refers to the acid as a diguid ; 
while for the crystallized acid the value is 2520 c lower, 
which corresponds to the heat of fusion (see p. 54). 


TABLE 6. 
n H3PO04, nH20 
I EAN C 
3 3298 
9 4509 
20 4938 
50 5169 
100 5269 


200 bees, 


The thermal effect is here again a hyperbolic function of 
the amount of water, but is not in other respects remarkable. 

4. Lydrochloric, hydrobromic, and hydriodic acids—The 
following table contains the heats of absorption of these acids 
in increasing amounts of water. In carrying out the experi- 
ments the heat of absorption in a large amount of water (300- 
500 gram-molecules) was measured directly, and then the heat 
of dilution was determined when the acids at different degrees 
of concentration were mixed with water; the most con- 
centrated solutions had the composition HCl + 2°62H.0O, 
HBr + 2'21H,O, and HI + 2°86H,O. The heats of absorp- 
tion found in the tables refer to whole numbers of water mole- 
cules; these values are calculated by interpolation from the 
experimental results. 
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TABLE 4%, 
n (77CL, nF12O) (HBr, nH20) (HI, nH20) 
“ (53375 ©) 
2 11,365 (13,860 c) (12,540 c) 
c] 13,362 15,910 14,810 
5 14,959 17,620 17,380 
6 — 18,250 = 
ie) 16,157 19,100 18,580 
20 16,756 19,470 18,990 
50 17,115 19,820 19,140 
100 175225 19,910 19,180 
300 17,315 = — 
500 ae 19,940 19,210 


The thermal effect is in all three cases a hyperbolic 
function of 2, and we should therefore be justified in assuming 
that, as in the case of sulphuric and nitric acids, it could be 
expressed by the formula 

n 

sia n+r re 
but this is, however, not the case. The special researches, with 
respect to which I must refer the reader to Zhermochemische 
Untersuchungen, Vol. iil. pp. 11 and 71, which gives the explana- 
tion and calculations of the experimental results, show that the 
thermal effect, as far as hydrogen chloride is concerned, can be 
satisfactorily expressed by the formula 


: m 
(HC, (m + 1) 4,0) = map ar 11,980 C+ 5375 c. 

For m =o, and z = 1, the formula gives the value 

(ACl, H,0) = 5375 ¢ 
which is the ¢hermad effect due to the absorption of 1 gram-mole- 
cule of HCl in 1 gram-molecule of H,O ; while when m = ©, 

(2C7l, Ag) = 17,355 ¢, 
which is the maximum heat of absorption for a gram-molecule 
of (C7; by experiment we find 17,315 c for 300 gram-mole- 
cules of water. 
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The formula referred to is also significant, since it supports 
the view, already established in a number of different ways 
(Therm Unters., ii. 430-4443 also Poggendorff’s Ann. /ubel- 
band, 135 et seg.), that hydrogen chloride in aqueous solution 
contains a hydrate, H.ClOH, 


H,ClIOH = HCl + H,O; 


because it is precisely this hydrate-formation which is expressed 
by the constant 5375 c contained in the preceding formula ; 
and this is the thermal effect due to the formation of the acid 
H.ClIOH from gaseous hydrogen chloride and liquid water. 
Now, this value is not very far removed from that of the heat 
of condensation of 1 gram-molecule of the gaseous substance ; 
hence the affinity between HCl and H,0O in the hydrate is but 
small, confirming the high degree of dissociation of the con- 
centrated solution. 

That similar relations also hold for hydrogen bromide and 
hydrogen iodide is very probable, but detailed calculations 
were not worked out for these substances. 

5. Lormic, acetic, and tartaric acids —Results relating to the 
thermal effect due to the solution in water of the two former 
acids are recorded in the following table, in which the numbers 
all refer to acids in the liquid condition :— 


TABLE. &. n 
n (CH 202, nH20) (CoH402, nH20) 
O°5 +124 c = 30IG 
I +172 = 152 
nS 7 —165 
2 +167 —156 
4 = —IIl 
8 4 = 2 
20 a ails) 
50 +126 +278 
100 +148 +335 
200 | +149 +375 


The thermal effect with formic acid is in no way remark- 
able, but is very small. A maximum possibly occurs when x 
EP biGe G 
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equals 1°5, although this is by no means certain. Acetic acid 
on the other hand, presents some very remarkable properties. 

With amounts of water varying from o'5 to 8 molecules, 
acetic acid gives an absorption of heat, which approaches a 
maximum for 1°5 molecules. With 8 molecules the thermal 
effect is nil, but it subsequently becomes positive with larger 
amounts of water. That this property is connected with 
hydrate-formation is highly improbable; we may possibly ad- 
mit the existence of a hydrate C,H,O,. H,O, since the specific 
gravity of an acetic acid solution is a maximum for this com- 
position, but this is entirely accidental and the result of a 
regular contraction on mixing acetic acid with water. The 
following law appears to hold :— 


when the gram-molecule of acetic acid is put equal to 60 gr. 
and its molecular volume equal to 57°3 cubic centimetres. 
The contraction for 1 gram-molecule of C,H,O, then becomes 


; I 2 3 4 8 grm.-mols. of water 
yee te . 250 Bes sie Sst 3°75 gee cc. 
By sp. gravity. 1°52 2°26 3°11 3°59 3°94 4°27 ,, 


The agreement is very close; only in the case with 4 mole- 
cules of water is there a perceptible deviation, and this may 
almost certainly be attributed to incorrect specific gravity 
determination. Now, seeing that the specific gravity is a 
relation between the weight and the volume, the specific 
gravity s of a mixture C,H,O, + nH,0O at about 20° C. will be 


60 + 18% _ weight 


“R — ~3 
57°3 +18 X r'oor8% — 402 ~~ ~volume 


eo 


which is therefore a somewhat complicated function of 7. On 
differentiating the equation, we find a maximum for 7 equal to 
t'o2—that is, for an acid with 1'02 molecules of water ; this is 
found to be the case in practice, and can only be the result of 
a regular progressive contraction. 
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The experiments with /¢artaric acid were, of necessity, 
carried out with the crystallized acid, and the results cannot 
therefore be directly compared with those already described, 
since the other acids were investigated in the liquid condition, 
The results are— 


#z=0O 20 | 50 200 | 400 


| | 


—3240¢ | —3307 ¢ | 


| 


— 3452 ¢ 


The negative thermal effect is here a consequence of the 
passage of the solid into the liquid state; but the figures show 
that dilution of a solution of tartartic acid is accompanied by a 
feeble absorption of heat. 

6. Potassium hydroxide, sodium hydroxide, and ammonia,— 
The investigations were carried out on solutions containing 
from 3 to 200 gram-molecules of water for each gram-mole- 
cule of KOH or NaOH, and the results are given in the 
following table :— 


TABLE 9. 
m+ 3 (KOH .3H20, mH20) | (NaOH .3H20, mH20) 
5 1496 c CA ET Io! 
7 2095 2889 
9 2364 3093 
20 2678 3283 
25 — 3263 
50 2738 3113 
100 2748 3000 
200 2781 2940 


Thus the thermal effect is positive for both substances, and 
very soon attains a maximum; for the greater part of the 
heat developed on dissolving the anhydrous hydroxides of 
potassium and sodium in 200 gram-molecules of water, which 


‘% 
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amounts respectively to 13,290 c and 9940 c, had of necessity 
already been evolved in the formation of the concentrated 
solution with 3 molecules_of water, namely, 10,509 c and 7000 c 
respectively. If we wish to give the thermal effect starting from 
the anhydrous hydroxides themselves, instead of from those 
containing (# + 3) molecules of water, we must add the last- 
mentioned numbers to those contained in the tables. A 
difference appears to exist between the heats of dilution of the 
potash and soda solutions, since the evolution of heat on 
dilution of the potash solution seems to increase with the 
amount of water, whilst the soda solution has a maximum value 
for 20 molecules of water. A solution with more than 20 mole- 
cules of water will consequently show an absorption of heat 
on further dilution, whilst the opposite is the case for potash 
solutions. 

7. Solutions of ammonia have very small heats of dilution. 
It can be shown experimentally that a concentrated solution, 
corresponding to the formula NH; + 3°2H.O develops respec- 
tively 324, 350, and 380 c on dilution with 15, 25, and 50 
gram-molecules of water. 

8. Retrospect.—It is evident from these researches that the 
heats of solution of the inorganic acids investigated are to a 
great extent dependent upon the amount of water used, and 
that they rise in value as this increases until, as a rule, a 
maximum is reached with an infinitely large amount of water. 
The thermal effect on dilution of aqueous solutions of acids is 
therefore always positive, and is a hyperbolic function, which 
does not suggest the formation of any hydrate other than that 
of the ordinary acid. In the case of the hydrogen halides the 
heat of absorption shows that solution in water is attended by 
the formation of a hydrate of the acid, corresponding, in the case 
of hydrogen chloride, to CIH,.OH; similar heat phenomena 
appear to exist for the other acids. ‘The heats of solution of 
formic and acetic acids are very small, and exhibit certain 
peculiarities ; but, nevertheless, these cannot be due to the 
formation of hydrates. Neither can the thermal effects for 
the hydroxides of potassium and sodium be explained as the 
result of further hydration, and we can therefore make the 


k 
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general statement that agueous solutions of acids and alkalies 
contain only a single hydrate. 


B. Heats oF DILUTION OF SOLUTIONS OF SALTS. 


The heats of solution of salts, similarly to those of acids, 
are greatly influenced by the amount of water present. If the 
heat of solution of the anhydrous salt is negative, the negative 
value will increase with the amount of water, and the heat of 
dilution will consequently also be negative; if, on the other 
hand, the heat of solution is positive, this again will increase 
with the amount of water, and the heat of dilution of such 
solutions will likewise be positive. This is the general result 
of my researches, and only under special conditions were any 
exceptions observed. For example, the heat of solution of 2 
gram-molecules of NH,NO, is —7410 c, and falls continuously 
until the amount of water reaches 400 molecules, when the 
value is —12,640c; whilst the heat of solution of 1 gram-mole- 
cule of ZnCl, in 5 gram-molecules of HO is +7610 c, and 
rises with the amount of water until, with 400 molecules, the 
value is +15,630c. ‘The heat of dilution is therefore negative 
for the former salt, positive for the latter. The change is in 
all cases a hyperbolic function of the amount of water, but it is 
difficult to decide upon a formula, since this would have to 
include at least three constants, for in addition to those already 
mentioned we require a value expressing the change of 
aggregation of a solid salt in forming a solute. 


1. Numerical Results. 


The following table contains the numerical results of these 
researches, namely, the ¢hermal effect due to the dilution of a salt 
solution with an additional #7 molecules of H,O, when it already 
contains z molecules of water to 1 molecule (or double 
molecule) of the salt, thus 


(Q.n2H,O, mH,0). 


L, gives the heat of solution of the anhydrous salt in @ gram- 
molecules of water. 
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TABLE io. 
HEATS OF DILUTION OF SOLUTIONS OF SALTS. 
NITRATES, 
2NaNOg 2(NH4)NO3 Sr(NO3)o Pb(NOs)2 
a sin Ht z= 12 na=5 2 = 20 nt = 40 
10 — 1282 — —— 
1 fe) — — — 
20 — — 2518 oO - 
40 — — 3578 - ° 
50 — 2262 — — 1263 = 
100 — 3288 — 4584 — 1944 — 1227 
200 | — 3860 — 5018 — 2366 — 1984 
400 — 4192 — 5228 —2515 — 2501 
oes — 10,060 — 12,640 — 4620 —7610 
NITRATES. 
jails Mg(NO3)o2 Mn(NOs3)p Zn(NOs)2 | Cu(NOs)e 
ua=tI12 72 = 10 ma —=—10 | w= 10 
ed are: cee . ee A —_ | 
12 fe) = —_ 474 
15 262 934 913 744 
20 412 1294 1148 940 
50 | 404. 1528 1203 904 
100 364. 1541 IIII 776 
200 379 1573 1o7I 729 
400 421 1648 = = 


The heats of solution of these anhydrous nitrates are fositive. 


SULPHATES, 

MgSO MnSO ZnSO CuSO 
m+ Mm x an rope <r np Ps a rt 
50 +279 +532 +318 _ 
100 +324 +714 +367 + 41 
200 +393 +792 +385 +116 
Lt00 +20,280 +13,790 +18,430 | +15,800 


j 
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SULPHATES. CHLORIDES. 
Sd ol ae 
30 ae ™ 253 ow Pa 
50 ie) = A37 bai? wot vc 
100 — 665 — 632 — 1056 — 242 
200 —1132 — 750 =I310 — 258 
400 — 1383 — — 1410 — 258 
$00 — 1483 = = a 
= ; - | = 4 2 
Yi + 460 —2370 —2360 | —7760 
a 400 400 200— si 400 
CHLORIDES. 
CaCl MgCle ZnCly NiCle CuCle 
7b ne 7 = 10 72 = 10 uz=5. 2 = 20 z= 10 
10 fo) fe) + 1849 — | fe) 
20 + 1639 + 2322 3152 o | + 1630 
30 =s a = 7 2458 
50 2225 2022) 5317 1068 3330 
100 2355 3526 6809 1380 4052 
200 3515 3731 7632 1584 4510 
400 — — 8020 | 1697 _- 
ee os ieee 
Vis +17,410 | +35,920 | +15,630 | +19,170 | +11,080 
a | 300 800 300 400 lefo) 
ACETATES. TARTRATE, 
Ac=2C,H,0, Tr=¢€,,0, 
KoAc NagAc (NH4)gAc ZnAc (NH4)2T 
iad wu =10 n= 20 n=4 az= 50 7 = 21 
10 fo) ~- +1088 — 
20 +1580 fe) 1800 _ -- 
30 — — — — — 296 
50 2472 + 664 2584 fo) — 648 
100 2786 $32 2988 +1189 — 1014 
200 2998 936 3250 2248 —1242 
400 3145 = 3432 3134 — 1358 
Bis +6680 +7740 positive positive negative 


88 FORMATION OF AQUEOUS SOLUTIONS 


BISULPHATES. CARBONATES. BICARBONATE. 
my KHSO, | NaHSO, | (NH)HSO, K»COz | NaoCOs (NH4y)HCOs 
= ie wn = 20 z= 10 | w= 10 wz —10 | n= 39 72 = 40 
20 fo) + 436 | + 270 —_ | “ee — 
50 | — 64 | + 520 + 486 — 122 | — 556 — 
Too | — 30 | =r 558 + 594 | — 406 | —II90 —176 
200 | + 108 | + 7o2 | + 7388 — 598 | —1601 —258 
400 | + 382 | + 972 Figs J — 749) — — 384 
$00 | + 766 | +1193 +1366 — | — oo 
cant —3800 | +1190 | - 20 +6490 +5640] negative 


I have also investigated a solution of 2NaIl + 20H,0O, 
which on diluting up to 40, 100, and 200 gram-molecules of 
water gave a thermal effect of respectively — 914, —1740, and 
—2058c; whilst the heat of solution Z. of 2Nal amounts 
to +2440 c. Similarly the heats of dilution of potassium 
bromide and potassium cyanide are negative; the values are 
— 10,160 c for 2K Br and —6020 c for 2KCN. 


2. Theoretical Results. 


(a) The preceding values, all the result of direct experi- 
ment, which are described in detail in Zhermochemische 
Untersuchungen, vol. iii., give, therefore, the thermal effect 
which takes place on diluting a salt-solution of known con- 
centration with varying proportions of water. The researches 
comprise 35 salts in all, and, starting from the most concentrated 
solution, the heat effects were measured up to a degree of 
dilution of from 400 to 800 gram-molecules of water for 1 gram- 
molecule of the salt. The choice of salt was limited to those 
readily soluble, since sparingly soluble salts are naturally not 
suited for these researches. 

The most concentrated solutions contained as a rule from 
to to 20 gram-molecules of water to 1 gram-molecule of salt ; 
but with some salts it was possible to work at a much higher 
concentration, thus 


NaC,H,0, + 2H,O, ZnCl, + 5H,O, NH,NO; + 2°5H,O. 
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The most important results of all these researches can be 
summarized as follows :— 


T 


bo 


ww 


. Salts may be divided into two groups; in one of these 
the thermal effect on dilution of the aqueous solution 
is negative, in the other positive. 

. The heat of dilution of salt-solutions is of the same 
character as the heat of solution of the corresponding 
anhydrous salt on formation of very dilute solutions ; 
if the latter be negative, the heat of dilution will like- 
wise be negative; conversely, it is positive when the 
heat of solution of the anhydrous salt is positive. 

. The heat of dilution, independently of the character of 
the thermal effect, rises with the amount of water 
employed in the dilution up to a definite maximum, 
which as a rule is only reached at infinite dilution. 

. The positive or negative character of the heat of dilution 
of salt-solutions is usually dependent upon whether 
or not the corresponding anhydrous salt can form a 
crystalline hydrate; in the first case the heat of 
solution will be positive, as well as the heat of dilu- 
tion; in the second, both ‘will be negative (cf. 
Pp. 54). 


To the first group belong 19 out of the 35 salts investigated, 
in which the heat of dilution is positive, as is also the heat of 
solution of the anhydrous salt when dissolved in a large 
amount of water, such as 400 to 800 gram-molecules to 1 
gram-molecule of the salt, namely— 


Mg(NO,). (Necutic 
; Mn(NOs), NaC,H,0O, 
Nitrates Zn(NOs)s Acetates NH,C,H,O. 
(CuNOQs), n(CoHO,), 
MgsO, CaCl, 
Sulphates ont MgCl, 
oe Chlorides, ZnCl, 
CuSO, NiCl 
NaHSO, ig 


Bisulphates { 


NH,HSO, Goch 
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To the second group belong the 11 following salts :— 


NaCl NaNO, 
"Tales ee Nitrates at 
KCN Pb(NO,)s 


Sulphate (NH,).SO, 


Bicarbonate NH,HCO, Tartrate (NH,),.C,H,O, 


In this group the heats both of dilution and of solution are 
negative ; hence it follows that 30 out of the 35 salts investi- 
gated follow the given rule, namely, that the heat of dilution 
and the heat of solution of the anhydrous salt have the same 
character, be it positive or negative. 

There remain only 5 salts which exhibit the reverse be- 
haviour, and of which heats of dilution and of solution are of 
opposite sign, namely— 


Heat of dilution. Heat of solution. 
Na sO, negative positive 
Nal 3 9 
Na,CO, ” ” 
K,CO, ” ” 
KHSO, positive negative 


For sodium sulphate it is noteworthy that the heat of 
solution is very small (in 400 and 800 gram-molecules of water 
it is respectively +460 and 320 c). Potassium hydrogen 
sulphate differs, as is shown above, from the allied sodium 
and ammonium salts; but that this salt must form a homo- 
geneous solution in water follows from the fact that the dif- 
ference between the heats of solution of sodium and potassium 
hydrogen sulphates (and consequently also the heats of dilution 
for the same amount of water) is a constant. The heats of 
solution Z, are namely— 


= 20 50 100 200 400 800 


NaHsO, + 924 | +1008 | +1046 | +1190 | +1460 | +1681 
KESO,, —3908 | —3972 | —3938 | —3800 | —3526 | —3142 


Difference 4832 4980 4984 4990 4986 4823 


; 
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The difference between the heats of solution of these two 
salts in from 20 to 800 gram-molecules of water is thus a 
constant magnitude; which proves that the processes of solu- 
tion are analogous in the two cases. 

(6) Researches on the heats of dilution of solutions there- 
fore show that the heat of solution of a substance is strongly 
influenced by the amount of water present, and approaches a 
maximum only at infinite dilution. ‘The heat of solution must 
therefore be a hyperbolic function of the amount of water, a 
relation which is also observed in the researches on the heats 
of solution of acids. 

Such a function can in many cases be approximately ex- 
pressed by the simple formula 


fa a+r 

where @ represents the varying amounts of water, whilst 7 and 
C are two constants independent of the substance concerned. 
This formula is also applicable to the thermal effect due to the 
solution of acids. But with salts the relation is more com- 
plicated ; for whilst the acids under investigation are liquids, 
the salts, on the other hand, are solids, and there must therefore 
be added to the formula, provided it be otherwise applicable, 
yet another constant corresponding to the passage of the 
salt in question from the solid to the liquid state. This 
constant must of course be negative; but in contact with water 
the dissolved substance may form a definite hydrate with posi- 
tive heat of formation, so that whether the constant to be 
added to the formula be positive or negative must be deter- 
mined by the special properties of the substance. ‘The formula 
can thus be expressed as follows :— 


If now we have experimental results for a large number of 
values of a, the three constants A, 7, and C can be calculated, 
and the validity of the formula tested. 

I have attempted to work out such a calculation for a few 
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salts. Thus the preceding investigations on the heat of dilution 
of ammonium nitrate gave 7 values, from which the 3 constants 
could be calculated. As the heat of solution Zy, is — 12,640 c, 
whilst the heat of dilution with from 5 to 400 gram-molecules 
of water, that is Ly to Z,;, is only —5228 c, the difference 
between these numbers must be the heat of solution for @ = 5, 
thus 
L; = —12,640 c + 5228 c = —7412 €. 


If we now add these values to the heats of dilution contained 
in the tables, we obtain the heats of solution for amounts of 
water equal to 5, I0, 20, 40, 100, 200, and 400 gram-mole- 
cules, and the calculation leads to the following formula :— 


a 

L,= —5180c — ae a ro 
which gives the heat of solution of 2NH,NO, in a gram-molecules 
of water. The calculation for Z, gives the values found in 
the following table :— 


a La Ly Ls Ang Ls Difference. 
Calculated. Calculated. Experimental. | 
5 — 7,427 C¢ fe) fe) o 
ie) — 8,653 — 1226 — 1282 —56 
20 — 9,955 — 2528 —2518 | +10 
40 — 11,057 — 3630 —3578 | +52 
100 — 12,001 —4574 — 4584 —10 
200 — 12,388 | — 4961 | — 5018 —57 
400 — 12,697 — 5270 — 5228 +42 
oro) — 12,820 — 5393 = _ 


The agreement between the experimental and calculated values 
is very marked; and it also shows the hyperbolic character of 
the heat of dilution. 


CHAPTER. IV 
NEUTRALIZATION OF ACIDS 


A. NUMERICAL RESULTS. 


Tue following chapter contains the results of my researches on 
the neutralization of acids. I have investigated altogether 45 
acids, 31 inorganic and 14 organic, partly with the object of 
determining the thermal effect on formation of the normal salts, 
partly to ascertain how far the basicity attributed to the acids 
finds confirmation in the thermal effect of the reaction between 
acid and base. The researches described in this chapter are 
confined to the formation of sodium salts, and were carried out 
in aqueous solution ; dilute solutions of the acids and of sodium 
hydroxide were mixed in varying proportions, and the resulting 
thermal effect was measured calorimetrically. ‘The degrees of 
dilution were as a rule equal, so that the soda solution 
contained 200 molecules of water for each molecule of sodium 
hydroxide, and the acids likewise 200 molecules of water for 
each equivalent ; dibasic acids consequently requiring 400 mole- 
cules of water per molecule of acid, and soon. Asa rule the 
heats of reaction were determined under three conditions ; 
namely, when acid and base were present in exactly equivalent 
proportions, and when there was an excess of one or other. 
For several acids, as, for instance, phosphoric, silicic, and boracic, 
it was necessary to extend the researches to solutions con- 
taining the reacting substances in still more varied proportions. 
All the experiments were carried out at a temperature of from 
BS to 20° C, 

In the following tables I have compared the numerical re- 
sults of over 450 calorimetric experiments. The fst, Table 11, 
gives the heats of neutralization of acids on formation of the 
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Fe) 


A. Platinum vessel, 500 c.c. capacity, 2 furnished with stirring apparatus and ther- 

B. ” ” IOOO 5; ” mometers. 

C, D. Outer surrounding vessels. 

FE. Motor for driving stirrers 4 and e. 

J. Platinum tube connecting A and B. 

g» Platinum plug closing 4 which is withdrawn when the liquids to be mixed have _ 
acquired the same temperature. 


Fic. 6.—Calorimeter for determining heats of neutralization.. 


normal sodium salts, and is calculated for 1 gram-molecule of 
acid ; the second, Vable 12, contains the results of researches 
dealing with the influence that an excess of either acid or 
sodium hydroxide has upon the heat of neutralization. 
details of all these experiments the reader is referred to 
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Therm. Unters., vol. 1. pp. 149-309. 


AD MIE MODE Mien 


HEATS OF NEUTRALIZATION WITH THE FORMATION OF 
NORMAL SODIUM SALTS. 


(a) Monobasic Acids. 


Name of the acid. 


Q 


| 
| 
| Amount of water 


| Wa0HAg, OAg) 


95 


For 


in the acid. 
a. Inorganic acids, | Mol. 
1. Hydrofluoric acid . | HF 200 16,270 c 
2. Hydrochloric acid . | HCl 200 | “£33780 
3. Hydrobromic acid. | HBr 200 13,750 
4. Hydriodic acid . HI 200 | 13,680 
5. Hydrogen sulphide | HSH — | 7,740 
6. Hypochlorous acid | HClO 400 9,980 
7. Chloric acid. pLHGlO: 400 13,760 
8. Bromic acid . | HBrO, 400 13,780 
g. Iodic acid | HILO, 400 13,810 
Io. Nitric acid . 2) EUNO: 200 13,680 
11. Metaphosphoricacid) HPO, 400 14,380 
n2. oe HPH,O, | 250 15,160 
13. Perchloric acid . 1St@ley 200 14,080 
B. Organic acids. 
14. Hydrocyanic acid . | HCN | 100 2770 
15. Formic acid. - | HCH@, 200 13,450 
16. Acetic acid . PliGarlsOp 200 13,400 
17. Propionic acid. . | HC.H.O, 200 13,480 
18. Ethylsulphuric acid | HC,H,SO, 400 13,460 
19. Monochloracetic 5 
at Jem \ HC,H,ClO, 200 14,280 
20. Dichloracetic acid. | HC,HCI1,O, 200 14,830 
21. Trichloracetic acid | HC,C1,0, 200 13,920 
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(6) Polybasic Acids. 


Name of the acid. QO ane tt ee (2NaOH Aq, OAg) 
a, Inorganic acids. Mol. 
PR as b> pememaiie H,SiF, 400 | bas 
Hydrogen platini- ; 
e chloride ! ; \ nC PECI. 600 27,220 
: rogen palla- 

Tact act ac \ lebalsall GE, — 27,250 
24. Sulphuric acid . . | H,SO, 200 31,380 
25. Selenicacid. . «| H,Se0, 400 30, 390 
26. Chromic acid . .| H,Cr0, 400 24,720 
27. Sulphurous acid . | H,SO, 400 28,970 
28. Selenious acid . .| H,SeQO, 400 27,020 
29. Withionicacd ~. |) io5,0, 600 27,070 
20) Peniodicacd 2.) Hie unr 0, 400 | 26,590 
31. Arsenious acid . . | H,As,O, 400 13,780 
32. Phosphorous acid . | H,PHO, 400 | 28,450 
33. Carbonic acd . . | M,CO, os 20,180 
24, Boracie acid, ai ail lyse, 300 | 20,010 
35; wilicic acid . = || Teste 200 5,230 
20, Stannicacds « |.) Jajon@; -— 9,570 


B. Organic acids. 


37. Oxalic acid . . | H,C,0, 300 28,280 
38. Succinic acid . .| H,C,H,O, 400 24,160 | 
39. Malic acid « | HAC, BO, 400 26,170 
40. Tartaricacid . .| H,C,H,0, 300 25,310 
y. Lri- and letrabasic 
acids. | 
41. Phosphoric acid . | H,PO, 450 | 34,030 
42. Arsenicacid. . .| H,AsO, 200 | 35,920 
43. Aconiticacid . .| H;C,H;O, 600 39,110 
44. Citricacid . . .| H,C,.H,O, 600 38,980 
45. Pyrophosphoric acid | H,P,O, 800 52,740 


(c) Heats of Neutralization with Formation of Barium Salts. 


In a number of cases the thermal effect on neutralization of 
the acids by means of a baryta solution was also measured. 
The result was— 
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(Ba02H2Ag, Q) | 


r@) 
H,SO,Aq 36,900 c 
2HClAq 27,780 
2HBrAq 27,780 
2HIAq 27,780 
2HNO,Aq 28,260 
H,S,0,Aq 27,760 
2HC1O;,Aq 28,050 
_2C,Hs;HSO,Aq 27,500 
2C,H,0O,Aq 26,900 
CO,Aq 21,820 
2H,SAq 15,750 
T,SAq 7,970 
2H;PO,Aq 39,939 
As,O3;Aq 14,020 
TABLE 12. 
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HEATS OF FORMATION OF ACID AND BASIC SODIUM SAETS. 


No. | 


II 


ei2 


Q 


H,SO, 


H,SeO, 


HCL; 


| x | (xNaOHAg, QAq) 


We 


(NaOH Aq, mQAq) 


Hee NASR De | 


PHAN HAS Nae Me 


(a) Monobasic Acids. 


16,272 c 
75738 
7,802 

13,808 

14,416 
7,104 

14,376 

16,384 

16,500 
7;695 

15,160 

15,275 


(6) Dibasie Acids. 


7,193 
14,754 
20,077 
31,378 
31,368 
14,764 
30,392 
13,134 
24,720 
25,164 


No ewe N ... Sees | | eNe 


ee ee NO piece 


16,272 ¢ 
15,984 
7,738 


13,808 
14,000 
5,500 
8,192 
14,376 
14,208 
7,037 
15,160 
15,390 


7,842 
15,689 
15,058 
14,754 
14,386 
15,196 
14,764 

6,291 
12,360 
13,134 

H 


28 


30 


32 


33 


35 


oF 


38 


39 


40 


FORMATION OF AQUEOUS SOLUTIONS 


H,1H,0, 


H,As,O, 


H.PHO, 


HCO, 


H,B,O, 


H.SiO, 


| 


DO Neca Aree NAN Hae POON BUND wa New APN ae Se 


La 


wWNHE Ne N BED See Nae MH nwca- 


| (nNaOHAg, QAQ) 


15,870 
28,968 
29,328 
14,772 
27,024 
27,484 


| (NaOH Ag, mQAQ) 


CU RS A ae de te ee Ne wee St eee ee et wide ta wR ee Se ee 


Pet pepeeccpes pci es nei Nt pte pps ND wis eee et oo 


75332 
14,484 
15,870 

6,872 
13,512 
14,772 

6,410 

9,910 
11,290 
13,300 
11,010 

5,150 

3,895 

5,023 

6,890 

7300 

9,047 
14,244 
14,832 
14,856 

5,148 | 
10,092 
11,016 

3,440 

6,820 
10,005 
10,307 


10,696 
II,101 
12,869 
13,573 
1,353 
2,615 
i 3,548 
4,316 
5,332 
6,483 
75950 
7;125 
14,139 
13,844 
13,808 
6,096 
12,078 
12,400 
6,688 
13,084 
13,035 
8,615 


12,657 
12,442 
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No. O | | (NaOH Ag, OAg) | m | (NaOHAg, mQAQ) 
| 


(c) Zrt- and Tetrabasic Acids. 


| 5 7,329 , S820 
I 14,829 11,343 
4t | HH, PO, 2 27,078 5 13,539 
| 3 34,029 I 14,829 
| 6 35,280 2 14,658 
| 3 7,362 5 6,233 
Fe | 14,994 I 11,972 
42 H,AsO, 2 | 27,580 2 13,790 
3 35,916 3 14,994 
6: 37,400 6 14,724 
| | I 12,848 1 6,683 
| 2 25,781 5 13,038 
43 | TG, EL Oy < 30,114 5 12,890 
6 40,100 I 12,848 
| I 12,672 I 6,954 
2 255445 3 T2994, 
44 HCgH;0, | 3 38,982 | 12,722 
/ 6 41,725 I 12,672 

yi 1 
| I 14,376 ; apt 
| 2 28,044 \ 13,184 
lear et 4 52,738 2 14,322 
| ae 54,480 I 14,376 


The numbers in this table correspond to the numbers of 
the acids in Table 11. The values in the fourth column show 
to what extent the development of heat changes when a 
gram-molecule of acid reacts with an increasing amount of the 
soda-solution, whilst the figures in the sixth column show the 
value of the thermal effect when a gram-molecule of sodium 
hydroxide reacts with varying amounts of acid. 


B. THEORETICAL RESULTS. 


1. From the preceding numerical results of my researches on 
the neutralization of acids, which at first sight appear to give a 
motley collection of figures, we can nevertheless derive several 
results of a general and theoretical character, of which the 
following are the most important :— 

(2) When an aqueous solution of an acid is added to an 
aqueous solution containing a gram-molecule of sodium hydroxide, 
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the evolution of heat is very nearly proportional to the amount of 
acid until the latter approaches 1,4, +, or + gram-molecule, accora- 
ing to the basicity of the acid. Tf, then, the amount of acid be 
increased beyond that required for the formation of the normal 
salt, only a very small additional thermal effect is observed, and 
this may be either positive or negative (see Table 12, columns £ 
and 6). 

(6) Conversely, when a soda-solution is added to an aqueous 
solution containing a gram-molecule of acid, the development of 
heat is im most cases nearly proportional to the amount of 
sodium hydroxide (often a little greater at the beginning) until 
the latter reaches 1, 2, 3, or 4 gram-molecules, according to 
whether the acid is mono-, di-, tri-, or tetrabasic. If the amount 
of soda ts increased beyond these limits, no essential thermal effect 
is observed, provided the acid has a definite basicity and that the 
excess alkali does not produce a decomposition of the acid ; as, 
Sor example, ts the case with hydrosilicifiuoric acid (see above, 
Table 12, columns 3 and 4). 

(c) It is evident from the preceding that the dasicity of an 
acid can be determined with certainty when the molecular weight 
is given, and when it has, as a whole, a definite neutralization- 
point. A few examples will help to elucidate this statement. 

Phosphorus forms several acids; the accepted molecular 
weights of four of these correspond to the formule H,PO.,, 
H;PO;, H;PO,, and H,P,O;. Now, when an aqueous solution 
containing a gram-molecule of these acids is mixed with 
increasing amounts of a sodium-hydroxide solution, the heat 
evolution is, according to Table 12— 


Sodium hydroxide. HsPOg HsPO3 HgPO4 H4P207 
Aimolecule . . + | 7,695 c 7,428 c 75320 C — 
I i ira 15,160 14,832 14,829 14,376 
2 - cae ae 15,275 28,448 | 27,078 28,644 
ee “Pieao | (ggeag a 
4 ” = 52,738 
6 - 35,280 54,480 
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The heat of reaction therefore increases nearly proportion- 
ately to the quantity of sodium hydroxide, until the latter 
amounts to 1, 2, 3, and 4 gram-molecules respectively to one 
gram-molecule of acid, and this agrees with the accepted 
basicity of these acids: consequently, a further addition of 
soda-solution, over and above these limits, is followed by only a 
very small increase in the amount of heat. I have investigated 
a large number of acids in this manner, and the results will be 
found in Table 12. For many of these acids they were of 
special interest, and I shall now refer to them in detail. 

2. Metaphosphoric acid, HPO, reacts with sodium hydroxide 
in aqueous solution with an evolution of 7104 c and 14,376 c 
respectively for + and for 1 gram-molecule of the alkali; but 
when 2 gram-molecules of sodium hydroxide were employed 
an evolution of heat was obtained which varied from 16,384 c to 
26,736c in eight experiments ; with 3 gram-molecules of sodium 
hydroxide there was produced in the first of these experiments 
an evolution of 16,500 c, in the last an evolution of 33,660 c. 

The explanation of this peculiar behaviour is that setaphos- 
phoric acid in aqueous solution is in a state of continuous trans- 
Jormation, so that even at 18° to 20° C., and in very dilute 
solution, it is fairly quickly converted into orthophosphoric acid. 
To prove that this is the case the following experiments were 
carried out. Fused and ignited metaphosphoric acid was 
poured into two flat platinum basins ; one part immediately after 
cooling was examined calorimetrically ; the other, which after 
standing for two days in a moist atmosphere had become 
entirely liquid through absorption of aqueous vapour, was then 
also dissolved in water and calorimetrically tested. The results 
were— 


rst experiment. end experiment. 
I gram-molecule NAOHAq = 14,376 ¢ 14,380 c 
2 ” ” = 16,384 26,736 
eo) ck 0 = 16,500 33,660 


A comparison with the numbers given above for orthophos- 
phoric acid shows that after the expiration of two days meta- 
phosphoric acid is almost entirely converted into orthophos- 
phoric acid, that is, into a tribasic acid ; whilst from the former 
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of these experiments we see that HPO, is equivalent to NaOH ; 
that is to say, is a monobasic acid. 

3. Whilst arsenic and orthophosphoric acids behave in exactly 
the same manner on neutralization, and give almost identical 
thermal effects, avsentous acid, on the other hand, has entirely 
different properties from phosphorous acid, Arsenic trioxide 
forms no known hydrate; on solution in water there is an 
absorption of heat, equal to —7550c for 1 gram-molecule of 
As,O;, and on evaporation the trioxide is precipitated un- 
changed. Experiments prove that in agueous solution the mole- 
cule As,O; is a@ dibasic acid, with a heat of neutralization which 
amounts to only about one-half of that found for the other 
dibasic acids. According to table 12, the heats of neutralization 
are for 


As20sgAq P20sAq = 2HgPOs3Aq 
with 1 NaOQHAq 7,300 ¢c 14,856 ¢ 
3» 2 cs 13,780 29,664 
Sy al 3 15,070 56,806 | 
» 6 is 15,580 57,880 


Thus for the same number of atoms of phosphorus and of 
arsenic the basicity of phosphorous acid is double that of 
arsenious oxide, and the heat of neutralization is almost four 
times as great. The composition of the solutions is therefore 
entirely different, and the normal sodium salts of the two acids 
correspond to the formulz Na,As,O, and Na,HPQ;. 

4. Hypochlorous acid forms no characteristic salts; in 
aqueous solution the molecule is supposed to be monobasic and 
of the composition HClO. ‘This assumption has been con- 
firmed by experiment, which, moreover, shows that the heat 
of reaction is very small, amounting in the case of an acid with 
800 gram-molecules of water to 


tr mol. HClO and+ NaOHAq 5047 ¢ 
7 s Ty 9835 
s , 2» 9835 
The molecule HC/O is therefore monobasic. In aqueous 


solution the acid is not appreciably changed even after several 
days, nor indeed is a solution containing an excess of sodium 
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hydroxide ; but if there is a smaller amount of soda, so that the 
acid ts present in excess, the latter ts quickly decomposed, and we 
are able to measure this change by titrating from hour to hour 
with stannous chloride and potassium permanganate, until after 
about two days all the free acid is decomposed (see Zherm. 
Onters., il. Pp. 123). 

5. Hydrogen sulphide dissolved in water behaves as a movno- 
basic acid with respect to sodium hydroxide; the molecular 
formula is HSH, since one atom only can be replaced by 
sodium in aqueous solution. ‘The heats of reaction are for 


1 mol. HSHAq and 1 mol. NAOQHAq 7738 c¢ 
”? bP) 2 ” ” 7802 


The molecule of H,S in aqueous solution is consequently 
a monobasic acid similar to hydrochloric acid, but essentially 
different from H.PtCl, and H.SiF,, which are dibasic acids, 
and in which both hydrogen atoms can be replaced by sodium. 
In order to prove the close similarity between aqueous solutions 
of hydrogen sulphide and hydrogen chloride, I have measured 
the heats of neutralization of these acids with respect to the 
soluble bases of the alkalies and alkaline earths, with the 
following results (see Zherm. Unters., ill. p. 447) :— 


Reaction. R=Mg(OH)2| R=Ba(OH)2 


R=2Na(OH)| R=2NH3 
d 


(RAq, 2HCI1Aq) 27,690 c 27,780 c 27,490c | 24,540 ¢ 
(RAgq, 2H,SAq) 15,680 15,748 15,470 | 12,390 


Difference 12,010 12,032 12,014 12,148 


Thus we see that there is a constant difference between the 
heats of reaction of HCl and of HSH with the soluble bases, 
and that consequently the two acids react in a similar manner. 

6. Periodic acid,—Whilst perchloric acid agrees in behaviour 
with the other monobasic acids, periodic acid shows quite 
characteristic neutralization phenomena, The molecular 
formula is generally assumed to be H,;IO,; since the acid 
does not give off water on heating, unless it is at the same 
time decomposed, and no other hydrate is known. But the 
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hydrogen can be wholly, or in part, replaced by metals, and in 
the last case the rest of the hydrogen is, on warming, driven off 
as water. Salts are consequently known such as Ag;IO, and 
AglO,, Ag,H,I.0,, and Ag,I,Oyg, etc. (Rummelsberg, Pog. Annal, 
184, 368 and 449). The determination of the actual basicity 
of the acid is therefore an interesting problem. 

Owing to the sparing solubility of the sodium salt, a solution 
of potassium hydroxide was used in the neutralization experi- 
ments. It would appear that the maximum evolution of heat 
occurs when two molecules of potassium hydroxide react with 
each molecule of H;1O,. Experiments were therefore carried 
out with 5, 3, 2, 2, 3, and 1 gram-molecule of potassium 
hydroxide to a gram-molecule of acid. The results were as 
follows (see Table 12) :— 


m" (Hs510gAq, nKOHAq) mt (mH;1lOgAq, KOHAgq) 
| 
=e ————————E — - - —— — = 
| 
I 5,150¢ : 6,410 c 
; 16,520 i 9,910 
2 26,590 3 11,290 
28,230 13,300 
3 29,740 2 11,010 
5 32,040 1 5,150 


When 7 is equal to 1, a strongly acd liquid is formed, from 
which the salt very soon crystallizes out, notwithstanding that 
the solution contains 800 molecules of water to each molecule of 
salt. With 2 equal to 8, the liquid is zewfrad, but from this also 
the salt crystallizes out ; in the remaining four experiments the 
liquid is strongly adkaline. 

The first table shows that the thermal effect rises rapidly 
with the amount of potash until this reaches 2 gram-molecules ; 
the heat of neutralization is then equal to 26,590 c, which agrees 
with that of the other dibasic acids. A further addition of 
potash does not produce any increase in the amount of heat 
evolved ; this has also been observed in the case of other acids. 
The second table shows this still more plainly. Here the heat 
evolution approaches a maximum when m equals }, just as it 
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did above when one molecule of acid reacted with two mole- 
cules of potassium hydroxide ; but when the amount of acid is 
still further increased the evolution of heat is very considerably 
reduced. Zhe molecule H,[O,; is therefore dibasic, and the 
normal potassium salt will consequently be K,H,10,; but this 
and similar salts readily give up the whole of their hydrogen 
as water, and it was for this reason that Rammelsberg assumed 
that the molecule of the acid must be regarded as double, 
namely— 
Si JO, = H,F,0;..310,0. 

According to this formula, the molecule is tetrabasic, and the 
normal salts contain three molecules of water of crystallization. 

Very remarkable is the small evolution of heat, namely 
5150 c, which accompanies the formation of the acid salt when 
# is equal to 1 ; but the reason certainly is that the formation 
of this salt takes place according to the equation 

H;1O, + KOH = KIO, + 3H,0, 
and that consequently there is a decomposition of the acid 
with the separation of 3 molecules of water, which absorbs 
- about = of the normal evolution of 13,500 c, corresponding to 
the heat of neutralization by 1 gram-molecule of potassium 
hydroxide (see also Therm Unters., 1. p. 224, e¢ seq.). 

7. Boracic acid is known to be a very weak acid ; even the 
theoretically acid salts, as, for instance, borax, have an alkaline 
reaction. Researches have shown that the molecule B,O, in 
aqueous solution forms a dibasic acid with a heat of neutraliza- 
Of 20,010 c, which is considerably less than that of the majority 
of acids ; but boracic acid exhibits yet another peculiarity, as 
will be seen in the following table :— 


n (nNaOHAgq, B203Aq) mt (NaOHAg, mB203Aq) 
| = a eee 2 

3 6,434 c | é 3,440 c 

I | II, IO! | 4 10,005 

S| 20,010 [ II, 101 

3 20,460 211 12,869 

6 20,640 3 1,573 
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The first table shows that the evolution of heat rises nearly 
proportionately to the amount of sodium hydroxide, until 
there are 2 molecules of NaOH to 1 molecule of B,O, ; after 
this only a very small increase takes place. In the second 
table we see that 1 molecule of NaOH gives with boracic acid 
an evolution of heat which is nearly proportional to the amount 
of the latter, until there is a half-molecule of B,O, to 1 mole- 
cule of NaOH ; the molecule of the acid from B,O, is therefore 
dibasic. But if we increase the amount of acid over and above 
the half-molecule, we find an increased evolution of heat 
taking place, which reaches 13,573 c for 3 gram-molecules of 
B,O,, and this is the same value that was obtained when 1 
gram-molecule of NaOH neutralized 1 gram-molecule of HCl 
in aqueous solution; the increased amount of acid in this 
manner makes up for its weak character, 

8. Silicic acid differs from all the other acids investigated, 
inasmuch as it does not fossess any known basicity ; moreover, 
the observed heat of reaction is very small, but rises equally 
with increased amounts of sodium hydroxide or of acid. 
From the numbers given in Table 12, we see that the heat of 
reaction of 1 gram-molecule of SiO, and 1 gram-molecule of 
NaOH is 4316, for 2 gram-molecules of NaOH it is 5230 c; for 
1 gram-molecule of sodium hydroxide with 2 gram-molecules 
of silicic acid 6480 c, and so on. If now we express graphi- 
cally the values found, we see that the heat of reaction is a 
hyperbolic function, which can be expressed approximately by 
the formula 

ste 


xen 


I= 


where y is the heat of reaction and x the number of molecules 
of silicic acid reacting with 1 molecule of sodium hydroxide, 
whilst 2 and C are two constants, respectively equal to 2°13 
and 13,410 c. From this it would appear that the heat of 
reaction will rise up to 13,410 c when 1 gram-molecule of sodium 
hydroxide is in the presence of an infinitely large amount of 
silicic acid. Curiously enough, this is about the same value as 
was observed when boracic acid was present in sufficiently 
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large quantity, and this magnitude is therefore the normal heat 
of neutralization of 1 gram-molecule of sodium hydroxide with 
respect to the majority of acids. 

The experiments with silicic acid were carried out both 
with the acid dissolved in water and also with it in the 
gelatinous state; but since no difference was observed in the 
thermal effect, we must conclude that the change ofa silicic 
acid solution into the gelatinous condition is not accompanied by 
any appreciable thermal effect. 'The absence ofa definite satura- 
tion point undoubtedly explains the fact that in natural sili- 
cates there are such wide limits in the ratio between base 
and acid. 

9. The molecule of hydrogen fluoride, HF, has been shown 
to be monobasic ; its heat of neutralization ts the greatest that has 
been observed for any acid, namely, 16,270 c for 1 gram-mole- 
cule of sodium hydroxide ; an excess of acid produces a con- 
siderable absorption of heat, which for 1 gram-molecule of acid 
amounts to —228c. This property, together with the existence 
of acid salts of the alkali metals, and the insolubility of the 
fluorides of the alkaline earths, raises the question as to 
whether in aqueous solution the molecule of hydrogen fluoride 
should not be doubled. 

Hydrogen fluoride not only shows a strong affinity for bases, 
but also reacts vigorously with many acids, such as boracic, 
silicic, stannic, and titanic acids, with which it forms compounds 
such as H,B,F,, H.SiF,, etc. I have also measured the thermal 
effect of the formation of these compounds, with the following 
results :— 

(B,0;Aq, 8HFAq) = 29,400 c 
(Si0,4g, 61FAQ) = 32,730 
(Zi0,H,, 6HFAg) = 30,900 
(SnOf,, 61 FAq) = 20,980. 


Knowing the conditions of neutralization of these acids, I 
have been enabled to determine in addition that of hydro- 
silicifluoric acid. 

10. Hydrosilicifluoric acid is found to be dibasic; its heat 
of neutralization is 26,620 c; but an excess of sodium 
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hydroxide produces a greatly increased evolution of heat, 
which for 12 gram-molecules of sodium hydroxide rises as high 
as 71,620 c. The explanation of this peculiar behaviour is that 
the sodium silicifiuoride formed is decomposed by the free sodium 
hydroxide to sodium fluoride and either silicic acid or sodium 
silicate, according to the quantity of soda present, and this 
gives rise to a very large amount of heat. 

11. Monobasic acids exhibit the simplest form of neutraliza- 
tion phenomena ; their heats of reaction rise proportionately to 
the amount of sodium hydroxide, until there is one molecule 
of the latter to each molecule of the acid, and after this they 
undergo no essential change; only in the case of hydrogen 
fluoride, as has been already mentioned, is there any considerable 
absorption of heat when sodium fluoride is acted upon by 
hydrogen fluoride. ‘The heats of neutralization of the majority 
of acids by one gram-molecule of sodium hydroxide are about 
equal; for 17 out of the 21 monobasic acids investigated the 
average value is 13,640 c; for hydrogen fluoride it is 16,270 c, 
the highest which has been observed ; whilst for hypochlorous 
acid, hydrogen sulphide, and hydrogen cyanide it is very much 
less, being respectively 9980, 7740, and 2770 c. 

The dibasic acids, in which two molecules of hydrogen 
can be replaced by sodium, can be divided into several 
groups, having reference to the thermal effects due to their 
neutralization by the first and second molecules of sodium 
hydroxide. 

The jirs¢ group contains the dibasic hydrogen acids 
hydrogen platinichioride, VA,PtCl,, and Aydrosilicifiuoric acid, 
H,SiF,, in which the thermal effect is the same for the first 
and second molecules of sodium hydroxide. 

The second group comprises such acids as sulphuric, selenic, 
oxalic, and tartaric, in which the neutralization of the first 
molecule of sodium hydroxide produces a smaller amount of 
heat than that of the second. The differences vary from 1880 


to 430 C 
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Sodium hydroxide. | Sulphuric acid. | Selenic acid. Oxalic acid. | Tartaric acid. 


Ist molecule . 14,750 Cc 14,760 c 13,840 c 12,440 C 
2nd molecule . 16,630 15,630 14,430 12,870 


Total . 31,380 c 30,390 c 28,270 c 25,310 C 


The ¢Aird group contains su/phurous, selenious, carbonic, 
and doracic acids, all of which are easily converted into anhy- 
drides. With these acids the first molecule of sodium hy- 
droxide produces a greater thermal effect than the second; the 
differences lie between 1850 and 2770 c. 


Sodium hydroxide. eager Selenious acid. | Carbonic acid. | Boracic acid. 
ote i a a _ we | 
Ist molecule . 15,870c 14,770 c 11,020 c 11,100 c 
2nd molecule . 13,100 12,250 9,170 8,910 
dotak 5) 28,9701 27,020 c 20,190 c 20,010 c 


When the normal sodium salts of this group are acted upon 
by the respective acids there is necessarily an evolution of 
heat, whilst with the salts of the second group there is, under 
the same conditions, an absorption of heat. 

The ¢ribasic acids, aconitic and citric, phosphoric and arsenic, 
also behave somewhat differently, since the heats of reaction of 
the first two acids are about the same for all three molecules of 
sodium hydroxide, although just a little greater for the third 
than for the first two; whilst the heats of reaction of phosphoric 
acid and of arsenic acid fall off considerably for each successive 
molecule of sodium hydroxide. 


Sodium hydroxide. | Aconitic acid. Citric acid. Arsenic acid. Nie baat 

phoric acid. 

Ist molecule. 12,850 c 12,670 c 14,990 c 14,830 c 
2nd molecule . 12,930 125770 12,590 12,250 
3rd molecule. 13,330 13,540 8,340 6,950 

Total . 39,110 c 38,980 c 35,920 c 34,030 c 
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From these values we may certainly conclude that the 
three hydrogen atoms replaceable by sodium in aconitic and 
citric acids have the same function in the molecule of the 
acid; and that consequently the acids are entirely tribasic in 
character, and have the following formulze :— 


C,H,O,(OH), and C,H,0,(OH),. 


On the other hand, we must attribute to one of the three 
hydrogen atoms in phosphoric and arsenic acids a different 
function from that of the other two; and while in the first two 
acids mentioned we can assume the presence of three 
hydroxyls, in the case of the other two we must conclude that 
the molecule contains only two hydroxyls, and that the third 
hydrogen is not united to an oxygen atom. The formule of 
these acids will therefore be *— 

HPO.o 4 HAsO.0 8, 
which plainly indicates the difference in constitution between 
these two groups of tribasic acids. 

The magnitude of the heat of neutralization of polybasic acids, 
calculated for 1 gram-molecule of NaOH, approximates to 
that of the monobasic acids, with the necessary exception of 
certain weak polybasic acids, such as carbonic, boracic, arsenious, 
silicic, and stannic, in which the heat of reaction is very much 
lower. All these researches on the neutralization phenomena 
of the given 45 acids show that, in spite of certain deviations, 
there is nevertheless a conspicuous uniformity in the results. 
This was certainly to be expected, since neutralization in 
aqueous solution consists of the mutual interaction between 
acid and base form to water. 


1 Note by translator.—This conclusion is modified by the hypothesis of 
ionization, 


+ =— 
2 Note by translator.—In other words, the union of H and OH. 


CHAPTER V 


NEUTRALIZATION OF BASES, TOGETHER WITH 
SINGLE AND DOUBLE DECOMPOSITIONS 


A. MeEtTHOopDsS OF INVESTIGATION. 


Tue researches now to be described follow on from those 
in the preceding chapter on the neutralization of acids. Their 
object was partly to study the heats of neutralization of 45 
acids by sodium hydroxide, partly to determine the basicity of 
these acids. 

Experiments were carried out on the heats of neutralization 
of 42 bases, both inorganic and organic, some soluble in water, 
others insoluble. The most comprehensive of the researches 
are those dealing with the relation of these bases to sa/phuric, 
nitric, and hydrochloric acids ; but other acids, such as hydrogen 
sulphide, and carbonic, acetic, dithionic, sulphovinic acids, etc., 
were also investigated. Moreover, the results convey some 
knowledge as to the heat phenomena concerned in single and 
double decomposition. 

The experiments were all carried out in aqueous solutions, in 
which as a rule the concentration equalled 400 gram-molecules 
of water (7200 gr.) to one gram-molecule of a divalent base or 
acid, or equivalent amounts of some other acids or bases. 
The method of conducting these operations was more com- 
plicated than that employed in the previous chapter; this is 
partly due to the fact that the bases may be either soluble or 
insoluble in water, and partly to a desire to control the accuracy 
of the observations in different ways. 

The experimental results contained in the next table 
(No. 13) were obtained in the following manner :— 
(2) Direct measurement of the heats of neutralization of 
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bases. ‘This method was employed for all the bases 
soluble in water, as well as for the anhydrides CuO 
and PbO (see Table 13 (a) and (0)). 

(4) Precipitation of a salt-solution with sodium hydroxide 
(or barium hydroxide). The thermal effect is in this 
case the difference between the heat of neutralization 
of the acid by potassium hydroxide and by the base 
with which it was combined in the salt. This 
method is applicable only to insoluble bases (see 
Table rz (c) 2), 

(c) Precipitation of a solution of a sulphate with baryta 
water. The thermal effect is the difference between 
the heat of neutralization of sulphuric acid with the 
formation of barium sulphate and with the formation 
of the sulphate of the base under consideration. This 
method can be used for bases which are insoluble in 
water, as well as for those which are soluble; in the 
first case the substances contained in both solutions 
will be precipitated (see Table 13 (c) 2). 

(zd) Precipitation of a barium salt with sulphuric acid. The 
thermal effect is the difference between the heat of 
neutralization of barium hydroxide by sulphuric acid 
and by the acid of the salt (see Table 13 (c) 1). 

(e) Exchange of metal between sulphates and barium salts ; 
as a rule BaCl, or Ba(NQO), in aqueous solution. 
The thermal effect # is in this case the difference 
between two differences (equation 6, page 6); for 
example, for magnesium sulphate and barium 
chloride— 


BaO,f,Aq, HySO0,4q) — (Ba0,f,AaQ, pies ey 
—(Meg0,H,49, H,S0,Aq) + (MgO0,H,Aq, 2HClAQ) ‘ 


From this equation one of the reactions or one of the 
differences can be calculated when the other magni- 
tudes are known (see Table 13 (/)). 

(7) Partial precipitation of a salt-solution with varying 
amounts of potassium hydroxide ; by which means the 
heat of formation of the basic salts can be estimated. 
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This method is applicable to the basic salts of 
beryllium, ferric iron, and lead (see Table 13 (@)). 
(¢) Reciprocal decomposition ; which serves to measure the 
difference between the heats of neutralization of two 
acids by the same base. Representing the two acids 
by S and S’, and the equivalent amount of the base 
by &, we proceed to determine the thermal effect 
| when the acid .S’ reacts in aqueous solution with 
the salt BS, and also when the acid S reacts with 
) the salt BS’. The difference & between the thermal 
effects in these reactions is 
Bt = (25,5') —(BS, S) = (2, S') = (2, S); 
which is equal to the difference between the thermal 
effects of the neutralization of the base by the two 
acids (see Table 13 (e)). 

From amongst these various methods of estimating the heats 
of neutralization one or other was chosen which, according to 
the nature of the acid and base, seemed likely to give the most 
accurate results; and, when possible, this was subsequently 
controlled by determinations carried out in other ways. Some 
such examples of control experiments will now be described. 

Table 13 (a) contains the direct heats of neutralization, 
estimated according to method a, of the soluble bases with 
reference to sulphuric acid. The difference between the 
heats of neutralization on formation of barium sulphate and 
of the other sulphates was also experimentally determined 
according to method ¢ (see Table 13 (c) 2). 

A comparison between these differences, found in two of 
the ways mentioned, shows the following results, in which 
the agreement is very satisfactory :— 


R | (Ba0oH2Aq, H2S04Aq) — (R20oH2 Ag, H2S04Aq) 


Method a Method c | Difference 
Na 36,896 c — 31,378 c= 5518 c 5492 c +26c¢c 
K 36,896 — 31,288 = 5608 5632 —24 
Tl 36,896 — 31,095 = 5801 5728 +73 
NH, 36,896 — 28,152 = 8744 8792 —48 


T.P.C. I 


114. FORMATION OF AQUEOUS SOLUTIONS 


Another instructive example is the determination of the 
differences between the heats of neutralization of sulphuric 
acid and of hydrochloric acid by caustic soda, potash, and 
ammonia, which were estimated in three different ways: partly 
by the direct method, partly by noting the thermal effect on 
decomposition of the sulphates by BaCl,, and finally by the 
reciprocal decomposition method. Since the difference be- 
tween the heats of neutralization of barium sulphate and of 
barium chloride, according to direct experiments (Table 13 (a)), 
amounts to g112 cc, and the thermal effect on double decom- 
position of the sulphates of sodium, potassium, and ammonium 
with barium chloride (according to Table 13 (/)) amounts 
respectively to 5240, 5280, and 5408 c, so the difference between 
gi12 c and these numbers will give the differences between 
the heats of neutralization of sulphuric acid and of hydro- 
chloric acid with respect to these three bases—that is, 3872, 
3832, and 3704c. ‘The same values can also be derived 
from the reciprocal decomposition results (Table 13 (¢)), and 
finally by direct measurements of the heats of neutralization 
(Table 13 (a)). We thus obtain the following three values 
for this difference, namely :— 


Sodium Potassium 


Method hydroxide hydroxide Ammonia 
a Direct determination . . . 3890c 3784 c 3608 c 
e Double decomposition . . . 3872 3832 3704 
g Reciprocal decomposition . . 3852 3808 3608 
Mean value . . 3871 Cc 3808 c 3673.¢ 


Thus the three methods give identical results, which is a 
guarantee both of their suitability and of the accuracy of the 
experiments. 

All details concerning this research, which comprises over 
300 calorimetrical experiments, will be found in Zherm. 
Unters., 1. pp. 310 to 449. The subject-matter is arranged as 
follows :— 

(a) Alkalies and alkaline earths : The hydroxides of lithium, 

sodium, potassium, ammonium, barium, strontium, and 
calcium, as well as thallous hydroxide. 
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(2) Magnesia group: Magnesium, manganous, nickelous, 
cobaltous, ferrous, cadmium, zinc, and copper 
hydroxides. 

(c) Hydrated sesquioxides of beryllium,! aluminium, chro- 
mium, and ferric iron. 

(2) Hydrated oxides of the rare earths: Hydroxides of 
lanthanum, cerium, didymium, yttrium, and erbium. 

(e) Anhydrous oxides; Lead oxide, mercurous and mer- 
curic oxides, and also silver oxide. 

(f) Organic bases: Ethylamine, methyl-, dimethyl-, and 
trimethylamine, tetramethylammonium hydroxide, 
triethylsulphonium hydroxide, platinodiammonium 
hydroxide, aniline, toluidine, hydroxylamine, methyl- 
quinine hydroxide, triethylstibine oxide, and urea. 

In Table 13 are given first the results of direct experiments, 

arranged according to the methods employed; and subse- 
quently, in Table 14, the experimental heats of neutralization of 
all these bases, arranged in groups with respect to the several 
acids investigated. 


B. NUMERICAL RESULTS. 
TABLE 13. 
DIRECT EXPERIMENTAL RESULTS. 


(a) Neutralization of Soluble Inorganic Bases. 


B | (BAq, H250,Aq) | (BAg,2HClAq) | (BAg, 2HNO3Aq) 
| 
2LiOH | 31,288 c | 27,696 c | — 
2NaOH 31,378 27,488 27,364 ¢ 
2KOH | 31,288 27,504 27,544 
zTIOH 31,095 | 47,6807 27,380 
Ba(OH), / 36,896 * 27,784 28,264 
Sr(OH), 30,710 27,630 | _ 
Ca(OH), | 31,140 27,900 _ 
2NH, 28,152 | 24,544 24,644 
| 


—_—_ —_ = “ = ei - S els 


1 See note on p. 130. 
2 Valid when BaSO, and T1,C], are precipitated. 
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‘To these we may add the heat of neutralization of ammonia 
with acetic acid, and that of certain oxides— 


2(NH,Aqg, C.f,0,49) = 24,020 c 
(CuO, H,S0,Aq) = 18,130 
(PbO, 2HNO,Aq@) = 17,775 
(P60, 2C,H,0,Aq) = 15,468 


. Pas ; 
In all these processes the salt formed remains in solution. 


(0) Neutralization of Organic Bases. 


Base | B (BAg, H»S04Aq) (BAg, 2HClAq) 
Ethylamine . .| sGuNH, = 26,880 ¢ 
Methylamine  & 2CH,;NH, — 26,230 
Dimethylamine. . . 2(CH;).NH _- 23,620 
Trimethylamine. . . 2(CH,),N 21,080 c 17,480 
peo eons | 2(CH,),NOH 31,032 27,490 
Triethylsulphonium | 

ere ene™ | alc SOK 30.590 aTHD 
oe i (NH,),PtO.H, | 30,850 27,300 
Hydroxylamine . 2NH,;0 — 18,520 
i eee yy 2CH»,N,0,0H | = 21,680 
Triethylstibine oxide . | Sb(C,H;);0 3,650 — 


(c) Single Decompositions. 


1. SuLPHURIC ACID AND SALTS OF BARIUM OR LEAD. 


Q (QAq, HgSO4Aq) 
BaCl, gI52c 
Ba(NO 3). 8560 
Bas,O, 9136 
Ba(Cl1O 3). 8840 
Ba(H,PO,), 5965 
Ba(C,H,SQ,). | 9336 
Ba(CoH,0q), | 9992 
Pb(NO,)s | 5448 
Pb(C,H30.), 7656 
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2. SULPHATES AND THE ILYDROXIDES OF BARIUM OR POTASSIUM. 


Q | (QdAg, BaO2H2Aq) (OAq, 2KOHAQ) 
| 

Na,SO, | 5,492 ¢ 
K,50;, 5,632 we. 
TLEO, | 5,728 
(NH,).SO, | 8,792 — 
MgSO, | 5,840 a8 
MnSO, 10, 304. +4,912 
NiSO, 10,628 5,532 
CoSO, 12,224 5,988 
FeSO, 12,004 6,340 
CdSO, 13,072 7,066 
ZnSO, 13,428 7,936 
CuSO, 18,456 | 12,376 
AgeSO, = | 16,800 
3Fe,(SO,), = | 19,984 
BeSO, | — 15,192 
4La,(SO,); 9,458 = 
3Ce(SO,)s 10,872 _ 
4Di,(SO,), ay = 
4Y2(SO,.)s° 11,826 = 
AL K.(SO,4), 16,000 | 10,176 
hCr2K2(SO,), a | 14,848 
1Fe,K.(SO,4)4 — 20,040 
(NH,O0),H,SO, 15,320 | a 
(NC,H,).H,SO, = 12,900 


To this group we may add— 


(Cu.2C,H,0,49, BaO,H,Aq) = 14,072 ¢ 
(Er, .6C,H;0,Aq, 3Ba0,H,Aq) = 25,680 
(2AgNO;Aq, BaO,H,Aq) = 17,380 
(CO,.N,H,.150H,0, Ba0,7,Aqg) = 4,971 
(CO,.N,H,.400H,0, BaO,H,Aq) = 5,920 


(ad) Partial Decompositions. 


| | 
mn (3BeSO4Aq, nKOH AQ) | (e2ClgAq, nNaOH Aq) 


2 18,900 c 
3 26,784 
4 33,426 
6 45,576 


17,040 c 
25,308 
33,408 
49,008 
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a 


| (PLN20¢4q, nNaOH Ag) | (PbC4H¢04Aq, nKOHAQ) 
1 


I 


RP Ww OR 


6,396 c 
12,678 
11,952 
11,064 

8,260 


4,332 ¢ 
8,196 


— 


We may also add— 
(PbO. PbC,H,O,Ag, 2HNO;AQ) = 12,037 © 


(e) Reciprocal Decompositions. 


: A B 

} (VClyAq, HaS04Aq) | (VS04Aq, 2HCLAQ) 4—8 
Na, +488 c — 3364 3852 ¢ 
K, 620 — 3188 3808 
(NHy,)o 628 — 2960 3588 
Mg 930 / —2592 3522 
Mn 1056 —2528 3584 
Fe 1096 — 2492 | 3588 
Zn 1124 — 2464 | 3588 
Co 1152 — 2436 ' 3588 
Ni 1032 — 2382 esc! 
Cu 1252 — 2292 | 3544 


To these we may add— 


(K,SO,Aq, 2HNO,Aq) = —2968 c 
(2KNO,Aq, H,SO0,Aq) = + 709 


(f) Double Decompositions. 
1. SULPHATES AND BARIUM SALTS. 


Q (QAg, BaClzAgq) | (04g, BaN20¢AQ) 
7 | 

Na,SO, 5240 ¢c 4680 c 
K,SO, 5280 —_— 
(NH,),.SO, 5408 5048 
MgsQ, 5600 4936 
MnsoO, 5600 | — 
CoSO, 5688 / — 
CdSO, 5683 | 5128 
ZnSO, 5504 | — 
CuSO, 5616 | 5080 
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Q (QAg, 3BaCl,Aq) Q (QAg, 4BaClyAq) 
3BeSO, 19,980 c 
Fe,(SO,); 27,432 
La,(SO,); 20,016 | KeAG(SOi), 25,628 c 
Ce,(SO,)5 21,762 }  KeCre(s@.), 24,544. 
Di,(SO,)s 22,140 
Wa (SO). 22,842 
Q | @Aq, BaCyHe04Aq) | (Ag, BaC 4H 19520849) 
Na,SO, | 5040 c 4884 c 
K,SO, | 5136 = 
CaSO, = 5784 
ZnSO, | 4608 — 
sFe(SO.)s : 6736 pla 


To these we may add— 


(MgSO,Aq, BaS,0;49) = 5456 c 
(CadSO,Aqg, BaS,0;,Aq) = 5600 
1(Fe,(SO,);49, BaN,0,Aq) = 8592 
(Na,SO,Aq, BaCl,O;,Aq) = 4980 
(CuSO,Aq, BaCl,O,Aq) = 5950 
4(Fe(SO;);49, BaCl,O,49) = 9340 


2. SALTS OF LEAD, STRONTIUM, AND CALCIUM. 


(PIN,0O,A9, Na,SO,Aqg) = I712¢c 
(SrCZ,Aq, Na,SO,Aq) = — 300 
(CaCl,Aq, Na,SO,Ag = — 438 


We have here data by means of which the heats of 
neutralization of the bases, and the values derived from them, 
can be calculated. The results of these calculations are 
arranged in systematic order in the following tables :— 
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TABLE. 14. 
HEATS OF NEUTRALIZATION OF BASES. 
(a) Sulphuric Acid, Hydrochloric Acid, and Nitric Acid. 


1. INORGANIC BASES. 


Sulphuric acid Hydrochloric acid | Nitric acid 


2 (Q, H2S044q) |  (Q,2HClAg) | (Q, 2HNO3Aq) 
2KOHAq 31,2900 c 27,5001c 27,540 C 
2NaOHAq 31,380 27,490 27,360 
2LiOHAq 31,290 27,700 _ 
2TIOHAq 31,130 27,480 27,380 
Ba(OH),Aq 36,900 * | 27,780 28,260 
Sr(OH),Aq 30,710 27,630 — 
Ca(OH).Aq 31,140 | 27,900 =e 
Mg(OH), 31,220 27,690 27,520 
Mn(OH), 26,480 | 22,950 _ 
Ni(OH), 26,110 22,580 — 
Co(OH), 24,670 21,140 — 
Fe(OH), | 24,920 | 21,390 — 
Cd(OH),. 24,220 20,290 20,620 
Zn(OH),» | 23,410 | 19,880 19,830 
Cu(OH), | 18,440 14,910 14,890 
CuO | 18,800 ) 15,270 15,250 
PbO | 23,380 * 15,390 17,770 
HgO — 18,920 6,400 
Hg,O . Ti 30,070 : 5790 
Ag,O | 14,490 42,380 * 10,880 
2NH,;Aq | 28,150 24,540 24,640 


The values marked with an asterisk are valid for neutraliza- 
tion when there is complete precipitation of the compound 
formed ; in all the other examples the salt remains in solution, 
For ¢hallium, the thermal effect with formation of the insoluble 
chloride is 47,680 ¢. Hydrobromic and hydriodic acids behave, 
as a rule, in the same way as hydrochloric acid, provided the 
resulting compounds are soluble. The evolution of heat on 
neutralization of these three acids by means of the hydroxides 
of sodium, barium, zinc, magnesium, and copper is the same : 
but this is not the case for cadmium hydroxide (see p. 130). 


i 
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Sulphuric acid Hydreckiaric acid 
e (Q, 3250449) |  (, 6HCLAg) 

La,O, .xH,O BPS EY {0) © ax 25,0201¢ 
CeO. .xt.O 3 X 26,030 3 X 24,160 
Di,O, . xH,O 3 X 25,720 3 X 23,980 
Y,O; . xH,0 3 X 25,070 aK 22,570 
Al,O; .xH,0 3 X 20,990 3 X 18,640 
*Be,O,). xeL,O 3 X 16,100 3 X 13,640 
CriOo exe 3 X 16,440 Bx 3,730 
Be,O, . xH,0 2) 01,250 aX 0.050 


2. ORGANIC BASES. 


NNHeHNNNNNNN 


. Platinodiammonium hydroxide 


Triethylsulphonium hydroxide 

Tetramethylammonium ed 
droxide. 

Ammonia 

Methylamine 

Dimethylamine . 

Trimethylamine 

Ethylamine . 

Hydroxylamine . 

Methylquinine hydroxide 

Triethylstibine oxide . 

Aniline Sa Ps 

Toluidine 


Sulphuric acid 
(Q4g, H2504Aq) 


Hydrochloric acid 
(OAq, 2HC/lAQ) 


30,850 c 
30,590 
31,030 
28,150 


21,080 


21,580 


3,650 
18,480 


(18,540)* 


The values marked with an asterisk are calculated from 
the heats of neutralization found experimentally for the other 
acids ; 2 gram-molecules of hydroxylamine with 2 gram-mole- 
cules of HNO, give a heat of neutralization of 18,840 c. 


' See footnote, p. 130. 
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(6) Carbonic Acid, Hydrogen Sulphide, and Acetic Acid. 


) Carbonic acid Hydrogen sulphide Acetic acid 

“ (Q, C0249) (Q, 2HSHAg) | (Q, 2C2H402A9) 
2NaOH Aq 20,180 c 15,480 c 26,790 c 
2KOHAq — — 26,430 
Ba(OH),Aq 21,820 15,750 26,900 
Sr(OH),Aq 20,550 _— = 
Ca(OH),Aq 18,310 = _— 
Mg(OH), “= 15,680 26,400 
2NH,Aq 16,850+ 12,390 24,020 

Q Carbonic acid | Hydrogen sulphide ) Acetic acid 

(Q, CO2Aq) (Q, S249) (Qs 2C2H402Aq) 

Mn(OH), 13,230 c 10,700 c _ 
Ni(OH), “= 18,630 — 
Co(OH), = 17,410 —_ 
Fe(OH), or 14,570 = 
Cd(OH). 12,990 27,370 — 
Zn(OH), = 17,970 | 18,030 c 
Cu(OH) — — 12,820 
CuO — 31,670 13,180 
PbO 16,700 29,200 15,470 
HgO = 45,300 = 
T1,0 — 38,490 — 
Cu,O0 — 38,530 -- 
Ag,O 14,180 58,510 | — 
Fe,O, . 3H,O os — 3X 8,020 
BrOg, xl, = -- 3 X 18,340 


For gaseous carbon dioxide the thermal effect is 5880 c¢ 
greater. 


1 This number applies to the formation of CO,.2NH, when the 
amount of water present is 150 gram-molecules ; with 400 gram-molecules 
of water the thermal value is 15,900 c. 
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(c) Dithionic Acid, Ethylsulphuric Acid, and Chloric Acid. 


(Q,; XAg) 
R 
Q l 
25206 2(CoHsHSO 4) 2(HC/O3) 
2NaOH Aq 27,070 C | 26,930 c | 27,520 C 
Ba(OH).Aq 27,760 27,560 28,050 
Mg(OH), 27,540 ined a 
Co(OH), —_ 21,120 = 
Cd(OH), 20, 360 _ = 
Cu(OH), —- 14,840 15,550 
1Fe,(OH), — -— 10,780 
(a) Phosphorous Acid and Arsenious Acid. 
(Q, XAg) 
Q k= 2H3PO02 | Tigres As 03 
2NaOH Aq 303206 | 13,780 c 
Ba(OH),Aq 30,930 | 14,020 


These tables contain the values for the heats of neutraliza- 
tion of eleven acids with different bases (41 in all), to which 
may be added the values given in a previous chapter for the 
heats of neutralization, with formation of sodium salts, of 45 


acids. 


In a later chapter the results of researches on the 


thermal properties of hydrobrornic and hydriodic acids will be 
described, and it will be shown that these acids agree very 
closely in properties with hydrochloric acid. 


C. GENERAL CHARACTER OF THE PHENOMENA OF 


NEUT 


RALIZATION. 


t. Znorganic and organic bases soluble in water.—From a 
general chemical standpoint neutralization is regarded as a 
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union of acid hydrogen and basic hydroxyl to form water. 
It is therefore also probable that the heat phenomena 
accompanying neutralization will, under similar conditions, have 
a common character. Furthermore, it is an obvious con- 
clusion that these phenomena must occur in their simplest 
form when the acids and bases compared in each group are 
of similar constitution, and when both acid and base, as well as 
the salt formed, are soluble in water and the reaction is 
carried out in dilute aqueous solutions. This assumption is 
confirmed by experiment. 

Amongst the inorganic bases soluble in water are the two 
main groups of the al/kahes and alkaline carths, which form 
either mono- or divalent bases in which the molecules are 
supposed to correspond to the formule ROH or R(OH)). 
With these are associated a series of organic bases of similar 
constitution ; that is to say, containing basic hydroxyl groups, 
such as the guaternary ammonium bases and triethylsulphonium 
hydroxide, as well as platinodiammonium hydroxide and 
analogous substances. 

Researches have shown that for the same acid all these 
substances have equal heats of neutralization, and that con- 
sequently the difference between the heats of neutralization of 
two acids for any given base is always the same. Moreover, it 
has been found that the heats of neutralization of a very large 
number of acids are of equal value, such as hydrochloric, hydro- 
bromic, and hydriodic acids; nitric acid, chloric, bromic, and 
iodic acids; formic, acetic, and propionic acids; also ethyl- 
sulphuric acid ; and among the polybasic acids hydrosilicifluoric 
acid, hydroplatinichloric acid, dithionic acid, etc. It therefore 
follows that for the majority of bases soluble in water the 
neutralization is accompanied by an approximately equal 
thermal effect. 

The following summary shows the equality of the heats of 
neutralization of the soluble bases corresponding to the formula 
R(O7Z),, with sulphuric acid and hydrochloric acid :— 
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Name of the base. io ig asin shed Difference. 
Lithium hydroxide . . . . .| 31,290c¢ | 27,700c 3590 c 
Sodium hydroxide . ... . | 31,380 27,490 3890 
Potassium hydroxide Pulte ts 31,290 27,500 3790 
Mhallous nydroxside. . = . |) 430,030 27,480 3650 
Barium hydyoxide . . . . . | (31,280) 27,780 3530 
Strontium hydroxide . . . .| 30,710 27,630 3080 
Caletom hydroxide . . s+ « . | 31,540 27,900 3240 
Magnesium hydroxide . . -| 31,220 27,690 3530 
Platinodiammonium hydroxide ; 30,850 27,300 3550 
Triethylsulphonium hydroxide .| 30,590 27,440 3150 
Tetramethylammonium hydroxide | 31,030 | 27,490 3 B40, 
ee : 
Mean value . .| 31,090c 27,590 c 3500 c 


All values are calculated for two gram-equivalents of the 
base—that is, for Ba(OH), or 2KOH, etc.: furthermore, the 
last column contains the differences between the thermal effects 
for the two acids. 

The value for the formation of barium sulphate is calculated 
according to the method given on p. 137; provided the salt 
is precipitated, the heat of reaction rises to 36,900 c, 

From the preceding table it is evident that the neutralization 
of each of the bases referred to by the same acid produces an 
equal thermal effect, and that consequently there is a constant 
difference between the heats of neutralization of two acids 
by the same base. ‘The value found for the neutralization of 
hydrochloric acid, namely 27,590 c, is the same as that which 
is found for the greater number of the above-mentioned acids ; 
but the investigation of all the bases named has not been carried 
out. The following table gives some of these numbers :— 


: : 
a aes Ethyl- : Hydrogen 

Nitric | Dithionic | Chloric bee Acatic ydrog 
: : sulphuric : sulphide 

acid. acid. acid. aaah acid. 2HSH 


Base, 


2KOHAq 27,540C -- —- | — 26,430 ¢ ~- 
2NaOHAq 27,360 | 27,070c | 27,520c| 26,930c| 26,790 | 15,480c 
2TIOHAg 27,380 — — — — — 

Ba(OH), 28,260 | 27,760 | 28,050 | 27,500 | 26,900 | 15,750 
Mg(OH), 27,520 | 27,540 — —  |26,400 | 15,680 


Mean value | 27,610c| 27,460 | 27,780c | 27,220¢ | 26,630c | 15,640¢ 
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For the first four of these acids the mean value is 27,520 Cc, 
which is in complete agreement with the figure found for hydro- 
chloric acid; for acetic acid it is just a little lower, while 
again the same value is given by formic and propionic acids. 
fHydrogen sulphide is also to be found in the table, although 
it belongs to a group of acids with far lower heats of neutraliza- 
tion; yet, nevertheless, also for this acid the lower values of 
.the heats of neutralization are equal for each of the bases 
investigated. Furthermore, it is evident from the figures con- 
tained in the tables that ¢Aallous hydroxide behaves similarly 
to the hydroxides of the alkali metals, which was only to be 
expected from its solubility in water and general chemical 
properties, and that magnesium hydroxide has the same thermal 
properties as the hydroxides of the alkaline earths, while, as 
will be demonstrated later on, it is also intermediate in pro- 
perties between the other bases and those of the so-called 
magnesium group with respect to its heat of neutralization ; 
it is certainly not soluble in water, and its heat of solution is 
exceedingly small, possibly zero (see below). On the other 
hand, magnesium hydrosulphide dissolves in water to the same 
extent as the corresponding compounds of barium, strontium, 
and calcium, and the heat of neutralization is the same for these 
four bases ; and this also applies to hydrogen sulphide. Lead 
monoxide, however, differs completely from the alkaline earths, 
not only in its heat of neutralization, but also in other chemical 
and physical properties; it is solely due to the isomorphism 
of certain salts of lead and of the alkaline earths that lead 
has sometimes been placed among the last-mentioned group 
of elements. 

2. The soluble bases of the ammonia group show much 
greater differences on neutralization than the bases referred 
to above which contain basic hydroxyl groups. An aqueous 
solution of ammonia or of an amine is as poor in hydroxyl 
ions as a solution of carbonic acid is in hydrogen ions, and 
the reaction with acids will therefore be entirely different from 
that of the bases already described. 

Methylquinine hydroxide is possibly a quaternary base 
similar to tetramethylammonium hydroxide, and we might 


aa 
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therefore expect that it would have an equal heat of neutraliza- 
tion. Experiments, however, show that the value is less by 
5810 c, and this is due to the fact that the basic radical 
contains oxygen, which decreases its basic character. ‘The same 
is observed on comparing the heats of neutralization of the 
aliphatic and aromatic amines; for whilst the values for 
methylamine and for ethylamine are equal (namely 26,560 c), 
as are also those for aniline and toluidine (15,360 c), there is 
nevertheless a difference of 11,200 c between the first and last 
mentioned numbers. ‘This fact is explained by the different 
characters of the corresponding radicals, since C,H,, unlike the 
neutral alkyl radicals CH; and C.H;, is of a weakly acid nature, 
which is apparent both in the distinctly acid hydroxyl compound 
C,;H;OH, and also in the amido-compound C,H;NH., which 
scarcely reacts alkaline in aqueous solution. The small thermal 
effect due to the reaction between the aromatic amines and an 
acid is also a result of the weakly basic character of the radical. 
For the same reason Aydroxylamine (NH.OH) has a lower 
heat of reaction than ammonia; the difference amounts to 
6020 ¢. 

The heats of neutralization of 2 gram-molecules of the 
bases of the ammonium group which have been investigated 
are compared in the following tables :— 


Heat of neutralization. 
Base. Formula. Pa 

Sulphuric Hydro- 

| acid. chloric acid. 

ANOS 4 + + « « 2NH, | 28,250c| 24,540¢ 
ithylamme., . . . . 2C,H,NH, — | 26,880 
Methylamme . . . . | .2CHNEH, | —_ | 26,230 
Dimethylamine . . . | 2(CH;),NH — 23,620 
Trimethylamine . . . | 2(CH;),N | 21,080 17,480 
Hydroxylamine . . . | 2NH;0 | 21,580 | 18,520 
mole. . . s « » | SC HSIN, 18,480 | (15,480) 
Moluidine . + » +» « 2C HiNits | (18,540) 15,240 
Methylquinine hydroxide ACP aa eNO) (GA — 21,680 
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A comparison between ammonia and the aliphatic amines 
shows that whilst the primary amines have a greater heat of 
neutralization than ammonia, the secondary amines have a 
lower value, while that of the tertiary amines is still smaller. 
The numbers are respectively 26,230, 23,620, and 17,480 c. 

All the soluble bases referred to are seen to have lower 
heats of neutralization than the soluble bases of the formula 
k(Of),; but here again we observe, as before, a difference of 
3500 c between the heats of neutralization of sulphuric acid 
and hydrochloric acid. 

It should also be mentioned that 2 gram-molecules of 
triethylstibine oxide react in aqueous solution with 1 gram- 
molecule of sulphuric acid to give only 3650 c, which conse- 
quently proves that this substance is very weakly basic in 
character. Also, when 2 gram-molecules of wea react in 
aqueous solution with nitric acid the thermal effect is only 
330 c, thus showing that the basic character is very little 
removed from zero, owing to the presence of the carbonyl 
radical in CO(NHe)o. 

3. To the magnesia group of the general formula A(O/), 
belong the corresponding compounds of Mg, Mn, Ni, Co, Fe, 
Zn, and Cu; sometimes Cd(OH), is included in this group, 
but this is incorrect, as will be demonstrated later. The heats 
of neutralization are determined by noting the thermal effect 
when an aqueous solution of a soluble sulphate is precipitated 
by means of potassium or barium hydroxide; two series of 
reactions were carried out, and the mean values taken. ‘The 
heats of neutralization of the other acids are determined from 
the thermal effect on double decomposition of the sulphates 
with the barium salt of the acid in question. In the case of 
hydrochloric acid the results were further controlled by the 
reciprocal decomposition method, by means of which the dif- 
ference between the heats of neutralization of sulphuric acid 
and of hydrochloric acid is determined (see table 13 (e)). Here 
again, as in the case of the soluble bases referred to above, 
the two methods give conformable results with respect to the 
difference between the heats of neutralization of the two acids 


(MO,H2, HySO,Ag) — (MO,H,, 2HCLAq). 
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The values found are recorded in the next table. 


Reci al Doubl Vy 
M eee aoeniti ni, aaoise tito: (M02H», 2HCTAg) 
Mg 3522 ¢ 3512 ¢ 27,690 c 
Mn 3584. 3512 22,950 
Ni 3514 — 22,580 
Co 3588 3424 21,140 
Fe 3588 _— 21,390 
Zn 3588 3608 19,880 
Cu 3544 3496 14,910 
Mean value 3560 c 3510 c 


The difference in the heats of neutralization can therefore 
be placed at 3530 c, and from this value and the heat of 
neutralization of sulphuric acid the corresponding difference 
for hydrochloric acid can be found. The group of soluble 
bases gave 3500Cc for this difference (see p. 125). It is 
evident from the numbers in the tables that the heats of 
neutralization of the bases of the magnesia group are equal 
to those of the soluble bases with respect to hydrochloric, 
dithionic, ethylsulphuric, nitric, and chloric acids. 

Whilst the heats of neutralization were found to be equal 
for all the soluble hydroxyl-bases, in spite of the fact that 
the atomic weights of the metals concerned varied from 7 for 
lithium to 204 for thallium, the values for the magnesia series 
are very unequal, in some cases the numbers for the heats of 
neutralization fall off with an increase of atomic weight. For 
magnesium hydroxide, which behaves like the alkaline earths, 
the value amounts to 27,690 c, for manganous hydroxide it has 
already fallen to 22,950 c, and for copper hydroxide it is only 

14,910 C. 
| 4. The neutralization phenomena of cadmium hydroxide 
have been thoroughly investigated, since they present essential 
differences from those of the magnesia group (see Zherm. 
Unters., ili. 279, e¢ seg.). Researches which have been carried 
Out with the hydroxides of magnesium, zinc, and copper, show 
that with aqueous solutions of hydrochloric, hydrobromic, and 

Tae K 
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hydriodic acids, each of these bases gives precisely the same 
heat of neutralization, which is only what the neutralization 
experiments with sodium hydroxide and these acids would 
lead us to expect; but cadmium hydroxide behaves quite 
differently, since its heat of neutralization rises appreciably as 
we proceed from hydrochloric to hydrobromic and hydriodic 
acids. ‘The values found are— 


Zn(OH)2 Mg(OH)s Cu(OH)s | Cd(OH)g 
| 
2HClAq} 19,483 c 27,313 c 14,602c¢ | 20,295¢ 
2HBrAq 19,647 = 14,748 | 21,561 
2HIAq 19,000 |) «- ZY. ak2 — 24,208 
| 


This marked increase in the heat of neutralization is ex- 
ceptional, none of the bases hitherto described exhibited such 
a property ; but we shall find somewhat similar behaviour when 
we come to the oxides of lead and mercury, so that undoubtedly 
cadmium hydroxide should not be classed in the magnesia 
group, with which its compounds” present only few slight 
resemblances. 

5. Sesguioxides of La, Ce, Dt, Y, Al, Be,’ Cr, and Fe.—The 


1 The deviation of from 300 to 400 c between these values for hydro- 
chloric and those given in table 14 (a) I are due to differences in the degree 
of dilution. 

2 Footnote by translator.—Cadmium salts are notably less ionized 
than those of the other metals mentioned, when compared under equal 
molecular dilutions. 

3 Footnote by translator.—It is now known that the atomic weight of 
beryllium is 9° and not 13°65 ; that it isa dyad and not a triad as it was 
supposed to be when Thomsen’s measurements were made. Nevertheless, 
since the thermal properties of beryllium hydroxide are precisely similar to 
those of the hydroxides of aluminium and chromium, and inasmuch as the 
heats of reaction are not proportional to the amount of acid (see p. 131), 
and the heat of neutralization of BeO, H,O is exactly the same as that of 
Al,O3, H,O and Cr,O3, H,O, whilst it is only half of that of the equivalent 
amount of magnesium hydroxide, beryllium has been left in the tables with 
the sesquioxides, and the molecular formula of its oxide is there, fos 
purpose of comparison, represented as Be,O,. 
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results of investigation of these bases, which are given on p. 121, 
show that the rare earths, lanthanum oxide in particular, 
must be classed with the strong bases; the highest heat of 
neutralization approaches very nearly to that of magnesium 
hydroxide, but the value falls off continuously until for the 
hydroxides of aluminium and beryllium it is only a half. But, 
here again, we observe that the heat of neutralization is greater 
for sulphuric than for hydrochloric acid ; the difference is, how- 
ever, less than for the bases previously mentioned. 

Ferric hydroxide exhibits a peculiar property, since the 
heat of neutralization is the same for sulphuric, hydrochloric, 
nitric, and chloric acids (11,200 c for each gram-molecule of 
sulphuric acid) ; but for acetic acid the value falls to 8020 ¢c. 

It is probable that with all these bases the first molecule of 
acid gives a greater heat effect than the second, and that the 
third gives less than the second. Further experiments were 
made with beryllium hydroxide, and the values found for 
3 gram-molecules of Be(HO), were— 


With the 1st gram-molecule H.SO, 19,140 c¢ 
” 2nd ” ” U 6,7 6 I 
bb) 3rd ” >D) IT 2,387 


This behaviour calls to mind the neutralization of the tri- 
basic acids, arsenic and phosphoric, with sodium hydroxide, 
for here, too, it was found that the thermal effect is greater for 
the first than for the second, and for the second than for the 
third gram-molecule of sodium hydroxide; for example, for 
arsenic acid the numbers are respectively 14,990, 12,590, and 
8340 c. Although the agreement is possibly only accidental, it 
must nevertheless be noted that the difference between the 
heats of neutralization of beryllium hydroxide by sulphuric acid 
and of arsenic acid by caustic soda appears to be a constant, 
namely— 


rst mol. 2nd mol. 3rd mol. 
Beryllium pppoe . 19,140 Cc 16,761 c 12,387 c 
Arsenic acid . . . 14,990 12,590 8,340 


Difference . . 4,150¢ 4,171 Cc 4,047 c 
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6. Anhydrous oxides : PbO, HgO, Hg.O, and Ag,O.—The 
neutralization of these bases presents some peculiarities which 
will now be considered. 

(a) Lead oxide.—The thermal effect when aqueous solutions 
of hydrochloric, nitric, acetic, sulphuric, and carbonic acids, 
and of hydrogen sulphide, react with anhydrous lead oxide will 
be found in the tables; in the first three cases the normal salts 
remain in solution, in the last three an insoluble compound is 
precipitated. 

Lead oxide forms basic salts with nitric and acetic acids, of 
which the nitrate HO—Pb—NO, is very sparingly soluble ; the 
acetate, on the other hand, is readily soluble. Whilst the ther- 
mal effect on formation of the normal nitrate in solution 
amounts to 17,770 c for r gram-molecule of PbO, the value for 
the basic nitrate is 16,800 c, Now since the heat of solution 
of the neutral nitrate is — 7610 c, we must subtract this number 
from 17,770 c to obtain the thermal effect on neutralization, 
provided the nitrate is in the crystalline condition ; this gives a 
value of 25,380c, which is oneand a half times as great as that 
of the formation of the basic salt from the same amount of 
lead. Precisely similar behaviour is shown on formation of 
the basic acetate ; thus we find— 


Nitric acid. | Acetic acid. 


| 


PbO + 2 mol. acid 17,770 c sol. 25,380 c cryst. 15,470 c 


PbO+1 5 | 16,800 cryst. 16,800 % 10,440 


Thus the first gram-molecule of acid produces double the 
thermal effect of the second, the values being 16,800 c as against 
8580 c, and 10,440 c as against 5030 c, respectively, when the 
basic and neutral salts react under similar conditions. Lead 
oxide, therefore, dissolves in a solution of lead acetate with 
evolution of heat. 

The halides of lead are either sparingly soluble or insoluble 
in water. The formation of these compounds by the inter- 
action of lead oxide and hydrochloric, hydrobromic, and 


+ 


i 
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hydriodic acids is accompanied by the following thermal 
effects :— 
(Pb0, 2HCIAgq) = 22,190 c 
(P60, 2H BrAg) = 25,750 
(P40, 2HTAg) = 31,520 


complete 
precipitation, 


whilst the heats of solution of PbCl, and PbBr, are, according 
to my direct measurements— 
(PbCL, Ag = — 6,800 c 
(LoBr,, Ag) = —10,040. 


If we add these numbers to those given above, we obtain 
the true heats of neutralization of hydrochloric and hydrobromic 
acids, namely— 


P HICLAGY = = 
oe ee rs = ae : t without precipitation. 


These values are not only equal to one another, but agree 
also with the heat of neutralization of acetic acid, i.e. 15,470 Cc. 
If, now, we take the mean of these two numbers, namely 
15,550 c, as the heat of neutralization of hydriodic acid, the heat 
of solution of lead iodide will be 


(Pol, Aq) = —15,970 c. 


(4) Oxides of mercury.—These oxides have a very small 
affinity for nitric acid, as is shown by the ease with which 
aqueous solutions of the nitrates are decomposed on dilution 
with water. ‘The thermal effects for mztvic acid are 

(gO, 2HNO;Aq) = 6400 c 
(Hg,0, 2HNO;AQ) = 5790, 


whilst hydrochloric acid gives 


(HO, 2HCIAq) = 18,920 c 
(Hg,0, 2HCIAq) = 30,070 (insol. Hg,Cl.) ; 


so that for HgO the thermal effect is three times as great for 
hydrochloric as for nitric acid. 

This great difference in thermal effect is the reason that 
an agueous solution of mercuric nitrate ts completely converted into 
chloride by the addition of an aqueous solution of hydrochlorie 
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acid, sodium chloride, etc. But since no precipitation results 
from the mixing of the two solutions, the only evidence that a 
reaction has taken place is given by the calorimetric measure- 
ments, which show a heat evolution of 12,520 c (experimental 
value 12,930 Cc). 

This property can be utilized for “trating a solution of mer- 
curic nitrate, which as a rule contains free acid. If such a 
solution be mixed with a solution of potassium chloride, two 
neutral compounds will be formed, namely, potassium nitrate 
and mercuric chloride, together with free nitric acid, which 
can be titrated directly.’ 

(c) Silver oxide—Although in most chemical reactions 
silver oxide behaves as a weak base, yet nevertheless it is 
capable of completely neutralizing aqueous solutions of the 
strong acids, such as nitric and sulphuric; whilst salts of the far 
stronger bases of the magnesia group show a more or less 
strongly acid reaction in aqueous solution. Silver, in this 
respect, therefore, reminds us most of the alkali metals, with 
which some of its salts are isomorphous. 

Finally, silver oxide must also be associated with thallous 
oxide, partly on account of its high specific gravity, partly 
owing to the sparing solubility of its halogen compounds, The 
heat of neutralization of silver oxide is, however, far smaller 
than that of thallous oxide, but the difference between the 
thermal effects for the sulphates and nitrates is the same in the 
two cases (see p. 136). 

7. Heats of neutralization and of solution of sparingly soluble 
and insoluble compounds,—Whilst the heats of neutralization of 
equivalent quantities of aqueous solutions of the bases of the 
alkalies and alkaline earths are equal for the same acid, there 
is frequently a very much larger thermal effect when the salt 
formed is precipitated from solution, There is no reason to 
suppose that the true heat of neutralization would be in any 


1 Note by translator.—Mercury itself can be titrated by the addition of 
hydrocyanic acid to a solution of the chloride; this converts mercuric 
chloride into non-ionized mercuric cyanide, leaving highly ionized hydro- 
chloric acid in solution : the latter can then be titrated with alkali. 


Se 
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way influenced by the degree of solubility of the compound, 
and we must therefore conclude that the increased evolution of 
heat is due to the heat of precipitation of the substance added 
on to its heat of neutralization. A number of specially devised 
experiments were carried out to confirm the accuracy of this 
assumption. 

Thallous hydroxide in aqueous solution gives exactly the 
same thermal effect as the hydroxides of the alkali metals on 
neutralization by sulphuric or nitric acids, whilst with hydro- 
chloric acid it gives a far higher value, since thallous chloride is 
precipitated. Now since thallous chloride is not absolutely 
insoluble in water, it is possible to measure the heat of solution 
directly (see Zherm. Unters., ili. p. 341). As a result of 22 
calorimetric experiments carried out for the accurate determina- 
tion of this number, it is evident that the heat of solution of 1 
gram-molecule of TIC] amounts to —10,rooc. If now we add 
this value to the thermal effect due to the reaction between 
hydrochloric acid and an aqueous solution of thallous hy- 
droxide where there is complete precipitation of T1Cl— that is, 
to 23,840 c (p. 120)—we obtain . 

23,840 C —10,100C = 13,740C. 


But this is precisely the value found for the heat of neu- 
tralization of 1 gram-molecule of hydrochloric acid by aqueous 
solutions containing 1 gram-molecule of the hydroxides of 
lithium, sodium, or potassium, namely 13,780c; there can 
therefore be no doubt but that the ¢rue heat of neutralization of 
thallous hydroxide with hydrochloric acid is equal to that of the 
neutralization of the hydroxides of the alkali metals, and that 
consequently the heat of solution of thallous chloride must be 


(Z?C7, Ag) = —10,100¢. 


Now, since hydrochloric, hydrobromic, and hydriodic acids 
have equal heats of neutralization, the differences in the amount 
of heat evolved when a solution of thallous hydroxide reacts 
with these acids must be sought for in the unequal heats of 
solution of the halogen compounds formed. ‘The last-mentioned 
values can be determined by subtracting from 13,740 c, which 
is the heat of neutralization of the acids, the thermal effect due to 
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the neutralization and precipitation of the halogen compounds. 
We thus obtain— 


chugs aan: «sere tee Heat of solution. 
for TIC] . . 13,740¢ — 23,840 c= — 10,100 c = (7/C/, Ag) 
Ibe. . F970 —27,510 = —13,770 = (Z74r, Ag) 
oy WU. 5 RR —31,610 = —17,870 =(ZU/, Ag) 


This important result was also confirmed in other ways. 

Lead monoxide behaves similarly to thallous oxide with 
respect to the acids mentioned, since its halogen compounds 
are sparingly soluble in water; they are not, however, so 
insoluble as the thallium compounds, so that it was possible to 
make a direct estimation of the heats of solution of both lead 
chloride and lead bromide. ‘The results were 

(PbCh, Ag) = — 6,800 ¢ 
(fbBr., Aq) = — 10,049. 


and it follows from this that hydrochloric and hydrobromic 
acids also show the same heat of neutralization with regard to 
lead oxide, namely, 15,390c and 15,710Cc respectively, which 
is exactly the same value that was given by acetic acid, ze. 
15,470 C (see p. 133). 

Silver oxide is in complete agreement with thallous oxide 
with respect to its heat of neutralization, as will be apparent 
from the following comparison :— 


B (B, SO3Aq) | (B, N205AQ) | (B, 2HCIAQ) | (B, 2#CLAg) 
T1,OAq Eh ig love 27,380 c 27,480 c | 47,680 c insol. 
Ag,O 14,490 | — 10,880 (10,910) | 42,380, 
Difference 16,640 c 16,500 c (16,570) c 5,300 c 


The two bases thus show the same difference in heat effect 
when neutralized by sulphuric and nitric acids, the average 
value being 16,570c; there is consequently ground for assuming 
that the same difference would be shown in the case of hydro- 
chloric acid, provided the chlorides formed remained in solu- 
tion. The neutralization of silver oxide by hydrochloric acid 
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must therefore produce a heat effect of 10,910c. But since, 
when the chloride is precipitated, the heat of reaction, accord- 
ing to column 5, is 42,380 c, the heat of solution of silver 
chloride will consequently be 

I10,QIOC — 42,380C = —31,470C; 
similarly that of thallous chloride is 

27,480C — 47,680c = —20,200C. 

Ln this way the following heats of solution have been obtained 

Jor the sparingly soluble or insoluble chlorides of lead, thallium, 
and silver :— 


BbGI — 6,800 c | TICl —t0,t00 c | AgCl —15,740 c 
PbBr, —10,040 | T1Br —13,750 | AgBr — 20,100 
PbI, —15,970 | TI —17,850 | Agl — 26,410 


The sulphates of the alkaline earths are also sparingly soluble 
or insoluble; their heats of solution can be deduced in the 
following manner. Barium hydroxide solution on neutralization 
with hydrochloric acid gives rise to 27,780 c, but with sulphuric 
acid, on the other hand, it gives 36,gooc, since barium sulphate is 
precipitated, The difference is in this case 9120 c, whilst for the 
to other bases investigated it amounts only to 3500 c (see p. 125). 
We must consequently assume that this great difference is due 
to the heat of precipitation of barium sulphate, which will there- 
fore be 5620 c. ‘This value is in complete agreement with the 
thermal effect of 5615 c produced by the decomposition of the 
sulphates of the magnesia group with aqueous solutions of 
barium chloride, by which means barium sulphate is precipi- 
tated ; but no thermal effect will be produced unless there is a 
precipitation of one of the salts formed. Similar investigations 
with the other alkaline earths gave the following values :— 


(BaSO,, Ag) = — 5,920 ¢ 
(SrSO,, 4g) = — 300 
(CaSO, Ag) = + 4,440 
(MgSO, Aq) = +20,280 


Comparing these results with the values found for the 
sparingly soluble halogen compounds, we arrive at the following 
‘conclusions: Jz a group of analogous sparingly soluble or 
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insoluble compounds e¢ heat of solution rises with an increased 
solubility of the substance in water; that is to say, the heat effect 
when negative becomes less, when positive, greater. 

The heats of solution of the halogen compounds referred to 
are negative, being least so for the chlorides, and most strongly 
for the iodides, which latter are the most sparingly soluble 
halogen compounds ; and similarly the heats of solution of the 
sulphates decrease from the readily soluble magnesium sulphate 
to the almost insoluble barium sulphate. 

The same behaviour is shown in the heats of solution of 
hydroxides, which, according to the numbers already com- 
municated (Table 1), amount to 


Hydroxide. Heat of solution. 
Ba(OH), +12,260 c 
Sr(OH), +11,640 
Ca(OH), + 2,790 
Mg(OH), ° 


Here also the absolute value of the heat of solution rises with 
the solubility. 

Now since the neutralization phenomena of the bases of the 
magnesia groupeagree very closely with those of the alkaline 
earths, with magnesium hydroxide as the connecting link, there 
is every reason to suppose that the absolute heats of neutraliza- 
tion of the bases of the magnesia group are, similarly to those of 
the alkaline earths, equal to one another, and that the observed 
differences arise from the unequal heats of solution of the bases. 
If this be so, the bases of the magnesia group must have the 
following heats of solution :— 


Mg(OH)., oc 
Mn(OH), — 4,800 
Ni(OH). — 5,100 
Co(OH, — 6,600 
Fe(OH), — 6,300 
Zn(OH). — 7,800 
Cu(OH), —12,800 


and they will then, together with the alkaline earths, form a 
progressive series of hydroxides in which the heat of solution 
rises continuously from —12,800 c to + 12,260 ¢, 


NEUTRALIZATION OF BASES 139 


If this supposition be correct, the neutralization phenomena 
of a long series of bases appear to show extremely simple 
relationships. Neutralization will thus be accompanied by an 
equal thermal effect, provided that both before and after the 
reaction the constituents all remain dissolved in water, and 
the idea has therefore arisen that aqueous solutions contain the 
dissolved substances in a condition which, similarly to the 
gaseous state, exhibits the physical properties of the substances 
in their simplest form, and allows of a direct comparison 
between them. 


CHAPTER VI 


PARTIAL DECOMPOSITION 


In the preceding chapter we have investigated the reciprocal ~ 
relations between aqueous solutions of acids and bases, and 
have pointed out, by means of the thermal effect accompanying 
the reactions, that these substances, in accordance with expen- 
ence, unite together in definite proportions which are dependent 
upon their molecular valency, since the thermal effect on 
neutralization of an acid rises proportionately to the quantity 
of the base employed until that amount has been added which 
the basicity of acid requires, whilst a further increase in the 
amount of the base scarcely produces any appreciable change 
in the heat of neutralization. 

The question which we shall attempt to answer in this 
chapter is the following: What will happen in an aqueous 
solution containing two acids and one base when there is not 
sufficient of the latter to neutralize both acids?’ We might imagine 
that one acid only will be neutralized, whilst the other will 
remain wholly or in part in the free state, and it is certainly 
a matter of common experience that some acids can com- 
pletely expel others from their compounds. Thus hydrochloric 
acid can expel carbonic acid from its salts, the decomposition 
being complete on warming; similarly sulphuric acid can — 
completely expel nitric acid from the nitrate of an element — 
which forms an insoluble sulphate ; but such complete decom- — 
position is dependent solely upon certain physical conditions, — 
namely, the volatility of an acid or the insolubility of a salt, 
and it is a well-established fact that it is the possibility of 
forming either volatile or insoluble compounds which most 
frequently completes a chemical reaction. 
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On the other hand, when the three reacting substances are 
soluble and remain in solution after the reaction has taken 
place, there is no external evidence that any reaction has 
occurred. ‘The object of the following research is partly to 
point out that the base is divided between the two acids, partly 
to determine the quantitative relation of the partition. 

If now we attempt to solve this problem thermochemically 
by investigating the thermal effect when, for instance, one acid 
acts upon the salt of another acid in aqueous solution, we must 
be careful to choose two acids with unequal heats of neutraliza- 
tion ; for otherwise it may happen that no thermal change is 
observed. But if we select, for example, sulphuric and nitric 
acids, in which the heats of neutralization by means of two 
gram-molecules of caustic soda in aqueous solution show a 
difference of 4020 c, then there will be an evolution of heat 
when sulphuric acid acts upon an aqueous solution of sodium 
nitrate, whilst an absorption of heat will occur in the reaction 
between nitric acid and sodium sulphate, provided no decom- 
position of the salt takes place ; the accuracy of these state- 
ments has been experimentally proved. 

1. As the starting-point for the following researches I 
selected the relation between aqueous solutions of sodium 
hydroxide, and of sulphuric and nitric acids. A knowledge of 
the thermal effect of the following reactions is necessary 
for the pursuit of the investigations, namely, the thermal 
effect on 


(1) Neutralization of sulphuric acid with sodium hydroxide. 


(2) ” ” nitric ” ” ” ” 
(3) Reaction of sulphuric acid upon sodium nitrate, 
(4) PA nitric ” ‘i sulphate. 
(5) = sulphuric _,, ee % 

(6) - nitric Ps % nitrate. 

(7) ts sulphuric __,, nitric acid. 


Reactions (3), (4), and (5) must be investigated for different 
proportions between the reacting substances, since the thermal 
effect changes with the relative amounts. A large number of 
' very careful determinations had therefore to be carried out in 
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order to obtain accurate results. Researches on similar lines 
were also undertaken on the relations between hydrochloric 
acid, sulphuric acid, and sodium hydroxide, and these were 
subsequently extended to a number of other acids and bases. 

Of the seven above-mentioned reactions the 6th and 7th are 
most frequently dispensed with, since in the reaction between 
nitric and sulphuric acids in dilute aqueous solution there is 
scarcely any perceptible thermal effect, and in the reaction 
between sodium nitrate and nitric acid, and similarly in that 
between sodium chloride and hydrochloric acid, the thermal 
effect is so small that only in special cases need it be taken 
into account; there remain therefore only the 3rd, 4th, and 
5th reactions to be studied in detail. 

The reaction between sulphuric acid and sodium sulphate 
gives rise to a negative thermal effect, which increases with the — 
amount of acid. The function can be approximately expressed 
by the formula 


n 
(Wa,SO,Aq, nSO,Aq) = — coe (1) 


as will be seen by comparing the values given below for the 
experimental results with those calculated according to the 


equation 
(Ma,SO,Aq, nSO;A@) 


n Experimental. Calculated. 
3 — 792¢c — 786c¢c 
4 — 1262 ) —1270 
Table As) i — 1870 | — 1834 
2 — 2352 — 2356 
4 — 2682 —2750 


In the action of sulphuric acid upon sodium nitrate and 
sodium chloride I have found the following thermal effects :— 


n | (2NaNOsAQq, nSO3A4q) (2NaClAg, nSOz3Ag) 
——_—_—_——— e = 
. I 576c¢ 488 c 

Table B{ 3 sh oe 
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Experiments to determine the thermal effect in the reverse 
process, namely, the action of nitric and hydrochloric acids upon 
sodium sulphate, give the following results :— 


n (NagS04Ag, 2N205Aq) | m | (NagSOyAg, m2HClAg) 
§ — 9o4c | 
4 —1616 
- Hy —2584 4 —2494¢ 
b 2 

ers — 3504 1 — 3364 
2 — 4052 2 — 3756 
3 — 4100 + = 37192 


These numbers clearly demonstrate that the action of the 
acids mentioned causes a marked decomposition of the 
sodium salts; we shall now attempt to determine the extent 
of this decomposition. 

2. The result of the preceding determinations can be 
briefly summed up as follows :— 

(a) The action of sulphuric acid upon sodium sulphate in 

aqueous solution produces an absorption of heat. 

(4) The action of sulphuric acid upon sodium nitrate or 

sodium chloride produces an evolution of heat. 

(c) When nitric or hydrochloric acids react with sodium 

sulphate an absorption of heat is observed. 

All three thermal effects change proportionately 
to the amount of the reacting acids, and approach a 
maximum. 

If now we compare the thermal effects for the second and 
third of these reactions, when equivalent quantities of acid and 
salt are interacting, we shall find that the differences between 
(4) and (c) are equal to the differences between the heats of 
neutralization of the acids in question by means of sodium 
hydroxide. Taking the values from the preceding table, where 
m or m are equal to 1, we find 


(2NaNVO0,Aq, SO;49) = + 576 

(NaySO,Ag, N,O;4q) = —3504 Pe 
(2NaC/Ag, SO;4g) = + 8 
(Na,SO,, 2HClAg) = — 3364 § 3°5? © 


Difference. 
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whilst the differences between the heats of neutralization 
of sodium hydroxide by sulphuric acid and by either nitric or 
hydrochloric acids, respectively, are 4020 c and 3890 c (see 
Table 13); there is therefore complete agreement, which can 
be expressed in the following manner :— 

The difference in thermal effect in the reaction between one 
equivalent of sodium nitrate and one equivalent of sulphuric acid, 
and in the reaction between one equivalent of sodium sulphate and 
one equivalent of nitric acid, is equal to the difference between the 
heats of neutralization of sulphuric and nitric acids. The same 
relation is also observed in the case of hydrochloric acid. 

That this simple relation not only holds good for 
sodium salts, but is of universal application, is proved by the 
following researches on the behaviour of a large number of 
salts when acted upon by sulphuric and hydrochloric acids 

3. The table below contains the thermal effects of the 
three following reactions, corresponding to the above-mentioned 
(a), (2), and (¢). When Vrepresents 1 gram-atom of a divalent 
or 2 gram-atoms of a monovalent metal, the reactions are 

a = (VSO,Aq, SO;A@) 
= (VCLAq, SO,Ag) 
c = (VSO0,Aq, 2HClAq) 


V a é c b-—c 
Nay —1870c | + 488c — 3364.c 3852 c 
Res — 1648 620 | —3188 3805 
(NHy)o — 1412 648 | —=2960 3608 
Mg — 1076 930 ~ 2592 3522 
" Mn — 904 fe) —252 3584. 
Table Ds ire — 896 ae — 2492 388 
Zn — 880 1124 —2464 3588 
Co — $26 1152 — 2436 3588 
Ni — 792 1132 — 2382 3514 
Cu — 676 1252 — 2292 3544 


We see from the preceding table that for all the bases 
considered the thermal effect in the three reactions is of the 
same character as in the case of sodium hydroxide; and, 
furthermore, it is evident from the fifth column that the 
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difference 4 — ¢ is equal to the difference between the heats of 
neutralization of sulphuric and hydrochloric acids; that this is 
of about equal value for these bases (see pp. 125 and 129) is 
also shown by the numbers obtained for 6 — ¢, which are of 
approximately the same magnitude. his result is consequently 
of general application, and may be theoretically proved in the 
following manner :— 

According to general thermochemical principles the thermal 
effect is the same, whether the three substances A, 2, and 4’ 
act upon one another simultaneously in aqueous solution, or 
whether two of the substances are first allowed to interact, and 
then the resultant solution is exposed to the action of the third 
substance. In both cases the solution will ultimately contain 
the same compounds, and since the initial and final states are 
identical, the total thermal effect will also be the same. We 
can express this in the form of an equation (see p. 8), 


(A, B, A!) = (A, B) + (AB, A') = (A, B) + (A'B, A), 
from which it follows 

(AB, A') — (A'B, A) =(4', B)-(4,B) . . . (2) 
If now for A, B, and A’ we substitute 

B=2NgO0HAg A=2HNO,4g A' = 4,S0,A2, 
it follows that 


+(2NaNO0;A9,H,S0,Aq)\ _ { +(2NaOHAg,H,SO,Aq) 
— (NaSO0,Aq,2HNO,Aq) { =| —(2NaOHAg,2HNO,Ag) (3) 


or in words: The difference in thermal effect, when one 
equivalent of sulphuric acid reacts with one equivalent of 
sodium nitrate, and when one equivalent of nitric acid reacts 
with one equivalent of sodium sulphate in aqueous solution, is 
equal to the difference between the heats of neutralization of 
the two acids. This statement is necessarily of general 
application, since any other substances may be substituted for 
A, B, and 4’, provided the ultimate products of the reaction 
all remain in solution. 
Pic, L 
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4. The state of the solution after the reaction of the three 
substances can now be deduced from the experimental results 
given below. The simplest relation naturally occurs when 
equivalent quantities of acid and base interact, as, for example, 
2NaOH, 2HNO,, and H,SO, These three substances will 
then correspond to the letters 4, 2, and A’ in equation (2). 
Now when Na,SO, reacts with 2 molecules of HNO, in 
aqueous solution, by which means x molecules of Na,SO, are 
decomposed and converted into 2x molecules of NaNO,, the 
composition of the liquid will be 


(1—*)BA' + xBA + xA' + (1-~x)A, 


and the resultant thermal effect will be the arithmetical sum of 
a series of terms corresponding to the heat changes on 
(rt) Decomposition of x molecules of the salt BA’ or 
Na,o0,. 

(2) Formation of x molecules of the salt 84 or 2NaNO,. 

(3) Reaction of « molecules of the acid A' with (1 — x) . 

molecules of the salt BA’. 

(4) Reaction of (t — x) molecules of the acid A with x 

molecules of the salt BA. 

(5) Reaction of x molecules of the acid A’ with (1 — x) 

molecules of the acid 4. 

Now. since, as has been previously mentioned, the last of 
these reactions produces no appreciable thermal effect, and the 
last but one is in this case of such small magnitude that it may 
be neglected, the thermal effect can therefore be expressed by 
the equation 


(BA', A) = x[(B, A) — (B, A’) + [(1-) BA xA]. . (4) 


But according to the values given in the Tables for A, B, and C, 
(BA', A) = (Na,SO,Ag, N.O;Ag) = —3504 ¢, 


and according to equation (2) the first difference in equation 
(4), namgly (2, 4) — (B, A’), is equal to 


(Wa,SO,Aq, N,0;Aq) — (Wa,N,0O;49, SO;Aq@) 
= —3504C — 576c = — 4080. 
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If now we substitute these values in equation (4), we obtain 


x 


— 3504 C= —x. 4080 c+(1—x)(Na,SO,, 7a 49) (5) 


By means of this equation the degree of decomposition, ~, 
can be found, since the heat of interaction of sulphuric acid 
and sodium sulphate is given on p.142, Table A. The calcu- 
lated values are 


x 

1 2 
I—X=7, w= and——=2 
3? 3? I x ) 


or in words: When an aqueous solution containing one equiva- 
lent of nitric acid is acted upon by one equivalent of sodium sul- 
phate, % of the salt is decomposed. The composition of the liquid 
after the reaction will consequently be 


$Na,N,0,Aq + $Na,SO,Aq + $N,0;Aq + 350;Aq, 


since 2 of the base will be united to the nitric acid, and + to 
the sulphuric acid. The ability of nitric acid to unite with 
the base is therefore twice as great as that of sulphuric acid. 
I have called this property the “avidity” of the acid; so that 
nitric acid has double the avidity of sulphuric acid with respect 
to sodium hydroxide. 

Experiments dealing with the relation between sodium 
sulphate and hydrochloric acid lead to precisely similar 
results; since an aqueous solution of hydrochloric acid has 
twice as great an avidity for sodium hydroxide as has sulphuric 
acid; an equivalent of hydrochloric acid displaces 2 of an 
equivalent of sulphuric acid from its sodium salt. 

5. It still remains to be seen whether the relative avidity 
is a constant when two acids are mixed in varying proportions, 
and whether it is the same towards other bases as towards 
sodium hydroxide. I shall first attempt to answer the last 
question. 

In Table D above I have already given three series of 
experimental results bearing on this point, namely, the 
determination of the thermal effect when sulphuric acid acts 
upon equivalent quantities of the sulphates of ro bases; next, 
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the effect when sulphuric acid acts upon the chlorides of these 
bases ; and finally, when hydrochloric acid reacts with the sul- 
phates of the same bases. It is evident from these investigations 
that the difference 6 — c between the thermal effect of the last 
two reactions, as we were justified in expecting (see p. 145), is 
again equal to the difference between the heats of neutrali- 
zation of sulphuric and hydrochloric acids by the same base. 
Now, in order to calculate the degree of decomposition of 
certain other salts in the same way as we have done above 
for the salts of sodium, a few additional experiments were 
necessary, namely, the determination of the thermal effect of 
the reaction between non-equivalent amounts of the sulphate 
and sulphuric acid. ‘This investigation was undertaken for 
about half of the bases, with the following results :— 


(VSO,Aq, nSO;Aq) 


L 27 a= 1S a=2 
Na, —1870c — | —2352¢ 
IK — 1648 — — 2220 
a (NH,) — 1412 — — 1870 
Pale Mg = — 1076 — 1230 c| = 
Zn — 880 — 1050 — 
Cu — 676 — 810 — 


Calculations similar to those already carried out for the 
sodium salts lead to the results given below, where «, as before, 
represents that fraction of the base in question which is de- 
composed by an equivalent quantity of hydrochloric acid, and 


us the ratio between the avidities of sulphuric and 


» 


hydrochloric acids for the metal of the base under con- 
sideration, 


PARTIAL DECOMPOSITION 149 


TABLE 1A. 
DEPENDENCE OF AVIDITY UPON THE NATURE OF THE BASE. 
V x t= 
xe 

Na, 0°666 0°50 
Te 0°636 0°57 
(INED,)5 0°640 0°56 
Mg 0590 0’70 
Mn 0°586 ov 
Fe |. @573 0°74. 
Zn 0°577 0°73 
fo 0°566 0°77 
Ni 0°563 0°78 
Cu | ‘Ofges 0°81 


It is therefore evident from the table above that in the 

reaction 

(VSO,Aq, 2HCl1AQ) 

where the radical of the base is represented by V, x molecules 
of the salt will be decomposed. But whilst 2 of the sodium 
sulphate is decomposed, the decomposition of the copper 
sulphate amounts only to 2; or in other words: Zhe ratio of 
the avidity of sulphuric acid to that of hydrochloric acid rises 
from o'5 for sodium sulphate to 0°38 for copper sulphate. The 
relative avidity of the two acids does not differ very much in 
the case of the soluble bases having an average value of 0°54, 
nor again with regard to the magnesia series, where it averages 
0°75; but the two groups of bases differ very widely from each 
other with respect to the magnitude of their avidities. 

In all these cases we were dealing with equivalent quantities 
of acid and salt ; but it still remains to be seen whether the 
avidity remains constant or whether it changes with the amount 
of the reacting substances when these are not present in equiva- 
lent proportions. The answer to this question has been furnished 
by C. M. Guldberg, who has published mathematical researches 
on the subject.! 


| Etudes sur les affinités chimiques, by C. M. Guldberg and P. Waage. 
Christiania, 1867. 
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6. Guldberg’s theory can, for our special purpose, be ex- 
pressed as follows: When the (double) decomposition of two 
substances P and Q gives rise to the formation of the sub- 
stances / and |S, these substances, which are all present at the 
same time in equivalent proportions and are represented 
respectively by the letters «, 8, y, 6, will after interaction 
form a solution which contains 


(a@—2)P+(B-2)Q+(y+2)R+(6+a)S. (6) 


where x represents the amount of substance transformed. 
When, for example, P represents sodium sulphate and Q nitric 
acid, then # will be sulphuric acid and S sodium nitrate. 
Before the reaction we shall therefore have 


aNa,SO,Aq + BN,O;Ag + ySO,4g + 82NaNO,, 
and after the decomposition 
(a — x)Na,SO,Ag + (y + x)SO;,Ag 
(8 — x)N,0,Aq + (8 + x)2NaNV0,Ag me 
when x molecules of sodium sulphate have been decom- 


posed. If now we put & equal to the amount of the reaction 
I 


(Wa,S O,Ag, 2NO;Aq) which has taken place and z equal to 
1 


the reverse reaction (2vaNV0;49, H,SO,Aq), we shall, accord- 
ing to Guldberg’s theory, have the following relation :— 


Ha — x)(B-2)=Flyta)B+a), . . (8) 


from which x can be found if & and &, or the product 2&,, 
which can be expressed as ¢, are known. The magnitude c is 
thus a constant for all values of a, 8, y, 6. If now in the 
reaction (Va,SO,Ag, 2NO;Aq) we put 


the equation will become 


Col — X)o = Hy OF 
bad 
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where x = 2 ashas been found above. If then we put £4, or & 
in equation (8) equal to 4, and solve for x, we find 


1, (4lare Br yr 8 ee 
= Valet Oya eB) 


This equation therefore gives us the degree of decomposi- 
tion, x, for all proportions of the four substances P, Q, 7, and 
S. In order to determine accurately how far this formula is in 
accordance with facts, a large number of control experiments of 
the thermal effects for different values of a, 8, y, 6 were under- 
taken, and the theoretical and experimental values for x were 
compared (Zherm. Unters., 1. 118, e¢ seg.). Here I shall only 
point out the agreement in the simplest case, namely, in the 
reaction 


(Na,SO,, BN,0;AQ), 


where a is equal to 1, and y and 8 are equal to zero. 
Equation (9) will then become 


x= 31 +B — J (1 + B)s — 36). 


The corresponding thermal results will be found in Table C, 
p. 143, in which £ varies from 4 to 3. From these values of 
8 we can calculate the value of x, and the thermal effect for 
the several experiments will then be 


—x. 4080 c—x(B—x)78 c 
x 


+(1 —x)(Ma,SO0,Ag, ay S0,;A9). 


a 
x 


(Na,S0,Aq, BN,O;Ag) = 


The value —78 c corresponds to the reaction between 
2 gram-molecules of nitric acid and 2 gram-molecules of 
sodium nitrate. Knowing the value of (1 — x)(Na,S0,Aaq, 


4 — ths O,Aq), which can be derived from equation (5) and 


is expressed in the table as 7, we have the following thermal 
effect for the reaction (Va,SO,49, 8B 21NO,Aq) :— 
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B x —2x(B — x)78 , | (NagSO4Aq, BN205Aq) 
| | Calculated Experimental 
* | orar — ofc —424¢ — gl6c — 904¢ 
e | -oag2 - 0% —694 | —1640 — 1616 
4 | 0423 — 3 —9gIo — 2637 — 2584 
i 0°667 ™ a7 — 784 — 3520 — 3504 
2 0°845 — 76 —446 | —4020 — 4052 
3 0°903 —147 — 296 | 4127 — 4100 


The agreement between calculated and experimental re- 
sults is most satisfactory, and was shown in all the experiments 
described above. Hence it follows that the value c or ./ 2A, is 
a constant, no matter what are the relative proportions of the 
reacting substances. But cis simply the ratio of the avidities of 
nitric and sulphuric acids towards sodium hydroxide, ‘The results 
therefore justify the following statement, that the ratio between 
the avidities of two acids ts a constant for one and the same base. 

7. It has now been proved that the degree of partial de- 
composition of a salt by an acid other than that present in the 
salt is dependent upon the relative amounts of the acids, and 
also upon a constant magnitude known as the relative avidity 
of the acids; this latter, as has already been stated, expresses 
the ratio in which a base is distributed between two acids when 
the three substances are present in equivalent proportions. It 
still remains to be determined whether the avidity is in any way 
influenced by the degree of dilution of the liquid, and by its 
temperature, 

In order to answer this question I made a great many 
calorimetric experiments on partial decomposition, in which 
the dilution varied from 1 to 2 and 4; some of these experi- 
ments were carried out ata temperature of about 7'5°, others at 
about 25°, whilst the experiments already described took place 
at about 18°. Asa result of these experiments, which will be 
described in a subsequent chapter, it is evident that whilst the 
actual thermal effects under the several conditions are ap- 
preciably influenced by the temperature and degree of dilution, 
yet nevertheless the ratio in which the base is distributed 
between the two acids remains unchanged ; or in other words, 
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the relative avidities of the acids are independent of the degree of 
dilution of the liquid, and of its temperature. Furthermore, it 
has already been shown that the relative avidities of two acids 
can be determined by the ratio in which a base is distributed 
between them, this value being in no way influenced by the 
concentration of the acids; it is therefore clear that the 
avidity is a specific property of an acid, and that it determines 
the strength with which the acid will react in aqueous solution. 
It, was consequently desirable to measure the avidities of a 
large number of acids, and I have succeeded in accomplish- 
ing this for about half of those acids of which I have already 
investigated the neutralization phenomena. Particulars of 
these experiments will be found in Zherm. Unters., i. 150-309. 

8. The results of my researches on relative avidities of acids 
are given in the following Table, 158. The avidity of hydro- 
chloric acid was taken as the unit, and all values refer to the 
reaction with sodium hydroxide. 


TABLE sp. 


TABLE GIVING RELATIVE 


RELATIVE AVIDITY OF ACIDS. 
AVIDITIES MEASURED BYy—! 


: Hydrolysis | Inversion 
Acid. Avidity. - Pe ace eaetigl. of eis 
acetate. sugar. 
: 1 WUE 
1 mol. | Nitricacid. . Fy) itoxo) 07996 0'92 1°00 
ae Hydrochloric acid 5 | acto%: 1°00 1‘00 1°00 
I ,, | Hydrobromic acid .j| 0°89 I‘OI 0°98 eat 
ms, | btydmiodiciacid . . | ‘0°79 — — — 
4 ,, | Sulphuricacid . .| 0°49 0°65 0°74 0°73 
4 ,, |Selenicacid . . .| 0°45 _ = — 
i, Trichloracetic acid .| 0°36 0°62 o68 | o73 
1 ,, | Orthophosphoricacid | 0°25 0°07 = 0°06 
a 5 Oxalicacid .. 0'24 0°20 Oly | OLS 
x Monochloracetic acid 0°09 0°05 0704 =| 0°05 
1 ,, | Hydrofluoric acid .| 0°05 —_ a — 
x; Wantance acid ; . . | O05 0'023 07023 | — 
mon, *| Citticacidy . . .| O'05 O'O17 o’o16 O'O17 
ys Acetic acid Gy 4. «| “0703 0004 0'003 0004 
mo, | boracic acid, B20, . | O'Or — = fo 
i mIncicacid  . . »| OOo — — = 
I ,, | Hydrocyanicacid .| 0°00 — — — 


ze 1 Note by translator. ay must be explained that the first three columns 
only of this table comprise Thomsen’s table, 158. The numbers in the 
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These numbers prove that the avidities of acids vary 
considerably in magnitude. The highest values were found 
equally for nitric and hydrochloric acids, the avidity in this 
case being put equal to 1. Next in value are hydrobromic and 
hydriodic acids, which are respectively equal to o’9 and 0o'8; 
then follow sulphuric and selenic acids with a value of o's, 
whilst for orthophosphoric and oxalic acids, the avidity is only 
o'25. The differences in the avidities of trichloracetic, mono- 
chloracetic, and acetic acids are especially noteworthy, and are 
in the ratio 0°36 : o'09 : 0'03; for silicic and hydrocyanic acids 
the value is approximately equal to zero, since these acids can 
be completely replaced in their sodium salts by equivalent 
amounts of the majority of other acids.. The avidity does not 
appear to be proportional to any other property of the acid; 
it is in every case entirely independent of the heat of neutraliza- 
tion ; for example, for hydrofluoric acid, which has been shown 
to have the highest heat of neutralization, the avidity is only 
one-twentieth of that of hydrochloric acid. 

9. The general results of my researches on partial de- 
composition in aqueous solution, the object of which was to 
show in what proportion a base is distributed between two 
acids existing simultaneously in solution when the amount of 
the base is insufficient for the neutralization of both acids, can 
be summed up as follows :— 

(a) When nitric or hydrochloric acids react with aqueous 
solutions of sulphates an adsorption of heat is observed, which 
rises with the amount of acid, but decreases as the basic 
element becomes less electropositive in the series: Nap, Ko, 
(NH,)., Mg, Mn, Fe, Zn, Co, Ni, and Cu. 

(2) In the reverse reaction, when sulphuric acid acts upon 
solutions of nitrates and chlorides, an evolution of heat is 
observed, which also rises with the amount of acid, but on the 


last three columns, which are not found in the Danish work, are intro- 
duced for purpose of comparison, and show that, as far as order of 
magnitude is concerned, there is a remarkable agreement between the 
relative avidities as determined by four different methods. 

1 See translator’s preface. 
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other hand decreases as the basic element becomes less 
electropositive. 

(c) When in the one case one equivalent of the acid 4’ reacts 
with one equivalent of the salt 44, and in the other case one 
equivalent of the acid 4 reacts with one equivalent of the salt 
AS’, the difference in thermal effect in the two cases will be 
equal to the difference in the heats of neutralization of the two 
acids with respect to the base B. This proves that in the two 
cases, the resulting solution is of precisely the same composition, 
and that a partial decomposition of the salt has taken place in 
such a manner that the soluticn now contains two salts and two 
free acids. Provided there were no side-reactions, the r_..gni- 
tude of the thermal effect in the reactions described under 1 
and 2 would be proportional to the degree of partial de- 
composition; but the action of the free acids upon their 
respective salts introduces other thermal effects which interfere 
with the proportionality. 

(2) Thus in the reaction between aqueous solutions of 
sulphuric acid and of sulphates an absorption of heat is ob- 
served, which rises with the amount of acid, but falls as the 
basic element is less electropositive. 

(e) The degree of partial decomposition—that is to say, the 
distribution of the base between two acids—can, in each special 
case, be deduced from the observed thermal effects. The 
ratio in which the base is distributed between the two acids 
when the three substances are present in equivalent proportions 
is known as the relative avidity of the acid, 

(f) The relative avidity of two acids is a constant magnitude, 
which determines the degree of decomposition of the acids 
when reacting with one and the same base; but the relative 
avidity changes with the nature of the base. Thus the ratio of 
the avidities of hydrochloric and sulphuric acids towards caustic 
soda is as 1: 0'5, whilst the ratio of the avidities of the same 
acids towards copper oxide is as 1: 0°8. The avidity of sul- 
phuric acid therefore rises as we proceed from sodium to 
copper in given series. 

(g) The avidity of acids differs very widely. It is greatest, 
and of equal value, for hydrochloric and nitric acids; less for 
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the majority of organic acids, and practically equal to zero for 
silicic and hydrocyanic acids; but it does not, however, bear 
any simple relation to the heats of neutralization or to the 
basicity of the acids. 

(z) The avidity has been shown to be independent of the con- 
centration when the solution formed contains from roo to 400 
molecules of water for each molecule of the salt (for example, 
Na,SQ,), and it was also zndependent of the temperature between 
the experimental limits’of 7° and 25°. In all cases the ratio 
in which the base was distributed between the acids was the 
same. 


CHAPTER. VII 


THE INFLUENCE OF TEMPERATURE UPON THE MAG- 
NITUDE OF THE THERMAL EFFECT OF CHEMICAL 
PROCESSES 


THE thermal effect of a chemical reaction is not a constant 
magnitude, since it is dependent not only upon the tem- 
perature, but also upon the state of aggregation and other 
conditions under which the substances react, as, for instance, 
upon the degree of dilution. 

In the following chapter I shall describe my researches 
upon the influence of temperature on the thermal effect due 
to chemical reactions, with special reference to aqueous 
solutions. The majority of thermochemical data are derived 
from reactions carried out in solution, since as a rule they give 
more accurate results than processes carried out with dry 
substances, 

The results obtained are, however, only valid at the actual 
temperature of the experiment; and in order that the 
determinations may be comparable among themselves, and 
also with those of other processes, it is necessary that all 
ordinary measurements should be made at approximately the 
same temperature. I therefore selected from 18° to 20° C. as 
the most convenient temperature for the experiments. 

In order to utilize the direct measurements for the 
determination of the thermal effects at other temperatures, a 
knowledge of the sfecific heats of the different solutions 1s 
indispensable, and I consequently undertook the determination 
of this value for those aqueous solutions which are most 
frequently employed. ‘The present chapter is therefore divided 
into the following sections :— 
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(a) Experimental results of the specific heats of aqueous 
solutions at 18° to 20° C.; 
(¢) Direct experiments upon the influence of temperature 
on the heats of neutralization ; 
(c) Dependence of the thermal effect upon the specific heat 
of the solution employed ; 
(dz) Influence of temperature upon the heats of solution of 
substances ; 
(e) Influence of temperature upon the thermal effect on 
dilution of aqueous solutions ; and 
(/) Influence of temperature upon the thermal effect on 
partial decomposition in aqueous solutions, and 
upon its degree. ’ 
All these researches are closely. connected with a long 
series of investigations upon the specific heats of aqueous 
solutions, which will first be described. 


A. NUMERICAL RESULTS OF EXPERIMENTS UPON THE SPECIFIC 
HEAtTsS AND DENSITIES OF AQUEOUS SOLUTIONS AT FROM 
r% TO 20 C, 


When, in the year 1870, I resolved to undertake this 
research, there already existed certain experimental data on the 
subject ; but the experiments had been carried out in a variety 
of different ways, and many of them in a manner which could 
hardly be expected to give trustworthy results, so that their use 
would be likely to introduce appreciable errors into the 
calculations. It was therefore necessary to measure the 
specific heats at a definite temperature, cr rather, over a 
temperature interval of from 2 to 3 degrees, whilst the results 
of the earlier experimenters may be taken as the mean specific 
heats over a much wider range of temperature. 

The following method was adopted: Adout 1000 grams of 
the solution under consideration was warmed in a calorimeter by 
means of the heat evolved on burning a definite volume of 
hydrogen. ‘The conditions were so arranged that the tempera- 
ture of the liquid was only increased by about 3°, so that the 
influence of the surroundings was reduced to a minimum. In 
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this manner the specific heats were found for a very small 
temperature interval, whilst the results of the earlier experi- 
menters ranged over 40° or 50°. 

The apparatus employed, though somewhat complicated in 
structure, is well adapted to the purpose and gives trustworthy 
results ; it is described in detail, together with the method of 
working, in Zherm. Unters., i. pp. 27 to 35, where will also be 
found the original diagram of the apparatus reproduced in Fig. 7. 
Here I shall consider only the magnitude of the source of heat 
—that is, the heat of combustion of the volume of hydrogen 
used, which was measured in a number of experiments in which 
the calorimeter contained goo grams of water. The heat of 
combustion of the given (absolute) volume of hydrogen was 
2649 c+ 4c; the rise of temperature is therefore about 3°. 
The following tables contain the results of 216 calorimetric 
experiments, but the experimental details are omitted. 

At the same time that the specific heats were determined 
I also measured the sfecific gravities of the solutions employed, 
so that besides the molecular heats the tables also include the 
molecular volumes of the solutions under investigation. If 
we call the molecular weight JZ, the specific heat s, and the 
specific gravity 2, we shall have 


Molecular heat = s. AZ 


Molecular volume = rs 


For the correct interpretation of the numbers in the table 
given below, the following general remarks are necessary. 
The composition of the solution may be expressed by the 
formula M + nH,O, which means that for every molecule of 
substance there are 2 molecules of water. In the frst column 
m expresses the amount of water in the solution; the second 
column gives the experimental values of the sfecific heats ; the 
third the molecular weights of the solutions, the molecular 
weights of the substances and of the water being given 
separately, so as to render the results more obvious ; the fourth 
column contains the molecular heats, which are the product of 
the numbers in the second and third columns, and express the 
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number of thermal units (referred to a gram of water at 18°) 
required to heat a gram-molecule of each solution through 1° C. ; 
the #/¢h column gives the differences between the molecular 
heats of the solutions and that of z molecules of water. 

The dast three columns in the table contain the specific 
gravities of the solutions ; their molecular volumes, which are 
equal to the ratio between their molecular weights and densities, 
and represent the number of cubic centimetres which a gram- 
molecule of the solution occupies; and finally, in the last 
column are found the differences between the molecular 
volumes of the solutions and of the water which they contain. 


All specific-gravity determinations refer to a temperature 
of 18° C. 


TABLE 16. 


SPECIFIC HEATS AND DENSITIES OF AQUEOUS SOLUTIONS. 


4 a BP . Molecular 
Amount {Specific} Molecular Molecular | Differ- ener volume Differ- 
of water heat weight heat ence ensiey t ence 
n s a+é "=s(a+é6)| C—6 i iS e) yeoney: 
SULPHURIC ACID, SO; + nH,0. 
5 0°545| 80+ 90 2°70 | + 2°7 | 14722 ES 5 lees 
10 0'700| 80+ 180 182°0 |-+ 2°0| 1°2870 202°0 |+22°0 
20 0821 | 80+ 360 361°2 |-+ 1°2| 1°1593 379°6 =|+19°6 
50 o'918 | 80+ goo felere) oO | 1'0692 916°6 =| +16°6 
100 07956; 80+ 1800} 1797 — 3 1°0355 | I815°5 Seles 
200 0°977| 80+ 3600} 3595 = F I‘o1rso| 3614.9 |+14°9 


Nitric Acip, HNO, + nH,0. 
10 0'768 | 63+ 180 186°6 6°6 | 171542 210°5 |+30°5 
20 0849 | 63+ 360 359° 09 | 1°0851 389°8 = | +29°8 
50 0'°930| 63+ 900 896 4 | 1°0360 929°5 | +29°5 
100 0°963| 63+ 1800] 1794 6 |1'0185| 1829°2 | +29°2 
200 0°982 | 63+ 3600| 3597 3. | 1'0094| 3629°0 |+29'0 


HT dba 


Hyprocutoric Acip, HCl + nH,0. 


fe) 0°749 | 36°5+ 180 162°2 | —17°8 | 1°0832 199‘9 |+19°9 
Ss 0°855 | 36°5+ 360 338°9 | —21°9 | 10456 3792, | +19°2 
50 0°932 | 36°5-+ goo $73 =27 i oro3 g18'8 |+18°8 
100 0°964 | 36°5+1800} 1770 —30 teOroon!| ISis'y | -P1S5 
200 0°979 | 36°5+3600| 3561 SUE OOke |  SOn7 7 lt nyey 


aise. C. M 


162 FORMATION OF AQUEOUS SOLUTIONS 


; ; Molecular 7 
Amount |Specific} Molecular Molecular | Differ- Wecnutiy volume Differ- 
of water eat weight heat ence — I ence 
n s até C=s(at+)| C-6.| 7 iad cl Res 


TARTARIC AcID, C,H,O, + nH,0. 


10 0'745 | 150+ 180 246 +66 | 1°'2409 265°9 | +85'9 
25 |o'856) 150+ 450) 513 |+63 | 171229) 534°3 | +84°3 
50 |o'91r} 150+ 900! 957 +57 | 1°0677/ 98374 | +83°4 
100 0°952| 150+ 1800! 1856 +56 | 170358] 1882°5 +82°5 
200 0°975 | 150+ 3600) 3656 +56 |1°0186| 3681°3 | +81°3 


SopiuM HyproxipE, NaOH + nH,0. 


7°5 |0°847| 4o+ 135 148°2 | +13°2 | 1°2576 139°2 |+ 
15 0'878| 40+ 270 272°2 |+ 2°2| I°1450 2707. | + 
30 «| o°91I9| 4o+ 540} 533 — J |@oyee| 379 |= 
50 0°942| 40+ 900 385 —15 | 1'0486 896°4 | — 
100 0°968| 40+ 1800] 1781 —Ig | 1'0246| 179599 |— 
200 0°983 | 40+ 3600| 3578 —22 10124!) 3594°8 | — 


PorassiIuM HyDROXIDE, KOH + nH,0. 


30 0°876| 56+ 540 522 —18 | 1°0887 54a7’5 | 

50 |o0'916|} 56+ goo 876 —24 | 170550) 9063 {+ 
100 0°954| 56+ 1800] 1770. —30 1°0284 | 1804°9 + 
200 |0°975| 56+ 3600] 3565 —35 |1'0144| 360471 |+ 

AMMONIUM HyproxipE, NH,OH + nH,0. 

39 =| 9°997| 35+ 540| 573 +33 | 0°9878 582°1 | +42°T 

50 0°999 | 35+ 900 934 +34 | 0°9927 941°9 | +41'9 
100 0°999| 35+ 1800] 1833 +33 |0°9967| 1841°2 | +41 


Soprum CHLORIDE, NaCl + nH,0O. 


10 0'791 | 58°5+ 180 188°5 | + 8°5 | 1°1872 200°9_ | +20°9 
20 0'863 | 58°5+ 360 361°0 |+ Io] 1°1033 379°3, | +19°3 


30 | 0°895 | 58°5+ 540] 536 |— 4 | 10718) 558°4 
50 =| 0931 | 58°5+ 900} 892 — 8 | 1'0444| 917°8 
100 0°962 | 58°5+1800| 1788 —12 10234 | I816°1 | 
200 0°978 | 58°5+3600| 3578 —22 |1o118| 3616 |+16°O) 


PoTAssIUM CHLORIDE, KCl 4+ nH,0. 


15 o°761 | 74°64 270 262°4 |— 7°6| 1'1468 300°4. | +304 

30 «=| 0850 | 74°6+ 540| 522°4 |—17°4/ 10800) 569'0 | +29°0) 
50 0'904 | 74°6-+ 900 S81 —19 | 1°0496 9282 | +28 
100 0°948 | 74°64 1800) 1775 —25 |1'0258| 182773. | +273 
200 0°970 | 74°6+ 3600} 3565 —35 |1'0136| 3625°0 | +259 
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Amount 
of water 


wu 


: fa Molecular : 
ad i ull Gone egh eed ee be 
$ aes C=s(a+d)| C-6 ae i. R-6b 
AMMONIUM CHLORIDE, NH,Cl + nH,0. 
0°760 | 53°5+ 135| 143°3 | + 83] 1:0718| 175°9 | +40°9 
0°778 | 53°5+ 180 1816 |+ 1°06 | 170664 219'0 | +39'°0 
o°881 | 53°5-+ 450 443°6 | — 6°4| 1°0314 488'2 | 4+38°2 
0°937 | 53°5+ 900} 893 7 VEOrey | ‘gars. |hay"s 
0'966 | 53°5-+1800] 1791 -— 9 10086 | 1837°7. | +37°7 
| 0°982 | 53°51+3600] 3588 —12 10044] 3637°6 |+37'6 
SopiuM NITRATE, NaNO, + nH,0O. 
0769} 85+ 180 2038 | +23°8 | 1°2474 212°5 | +32.5 
0°863} 85+ 450 461°7) | + 11°7 | 1°1137 480°4 |+30°4 
0918} 85+ 900 904 + 4 1°0600 929°2 +29°2 
o950] 85+ 1800] 1791 -— 9 0311 | 1828°2 | +28°2 
0°975| 85 +3600] 3593 -— 7 ‘0160 } 3627°0 |+27°'0 
PorassIuM NITRATE, KNO, + nH,0O. 
0'832 | tor+ 450 458'4. |+ 8'4| 171228 490°7. |+40°7 
o’901 | IOI + 900 go2 “—- 2 | TO65% 939°8 |+39°8 
0°942 | 101 + 1800} 1701 — 9 1°0336| 1839°2 +39°2 
0°966 | 101 + 3600} 3575 =25 |10r73| 3638°3 | +38°3 
AMMONIUM NItrATE, NH,NO,; + nH,0O. 
0'697| 80+ 90 118°7. | +28°7 | 1°2046 I4I'l +511 
0°859| 80+ 360 3780 |+18 | 10743 409°6 =| +49°6 
0929 | 80+ 900 gio +10 | 1:0331 948°6 +48°6 
0'962| 80+ 1800] 1808 + 8 |1'o180} 1846°38 | +46°8 
SODIUM CARBONATE, Na,CO, + nH,0. 
0°896 | 106 + goo gol + 1 Dinar 903'8 + 38 
0°933 | 106+ 1800} 1778 —22 10593 | 1799°3 — 07 
0°958 | 106 + 3600} 3550 —50 | 1'0306| 3596.0 |— 4’o 
SODIUM SULPHATE, Na,SO, + nH,0. 
o'892 | 142 +1170] 1170 Oo | 11010 | I1r9r*6 +21°6 
0'920| 142+ 1800| 1787 —I3 1°0675 | 1819°5 +19°5 
0°955 | 142 + 3600} 3574 —26 |1'0350| 36154 | +15°4 
AMMONIUM SULPHATE, (NH,),SO, + nH,O. 
0°820| 132+ 540 551 +11 I°r148 602°8 | +62°8 
0°871 | 132+ 900 899 es 1°0774 9576 |+57°6 
0°924 | 132 + 1800} 1785 15; | troqz0 | 1854°r +54°1 
0°959 | 132 + 3600| 3579 —21 | 10214] 3653°8 | +53°8 
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Molecular 


Amount | Specific! M Molecular iffer- : iffer- 
Aownt |Specii| Molecular | Moeenlar | Dif | pengy| volume | Die 
n s até Cadet hl one sie” seas R= 
MAGNESIUM SULPHATE, MgSO, + nH,0O. 

20 0°744| 120+ 360 357 — 3 |1°2864| 373°! +13° 
50 =| 0°857|120+ go0| 874 —26 |1°1253| 9004 |+ 6° 
100 0°917 | 120+ 1800} 1761 —39 | 1°0649| 180370 |+ 3° 
200 0°952 | 120+ 3600} 3541 —59 | 1°0334! 35998 |— O° 
Sop1uM ACETATE, NaC,H,O, + nH,0. 
20 0844 | 82+4 360 391 +31 1'0993 402°1 +42°1 
50 0'938 | 82+ goo g2I +21 1°0442 940°2 +40'4 
100 0965 | 82+ 1800] 1817 +17 | 1°0230!] 1839°7. |+39°7 
200 0°983| 82+ 3600; 3620 +20 | 1'0120| 36383 | +38°3 
M MM + 200H,0. 
KBr 0'962 | 119 + 3600] 3758 —22 |1°0236| 3633 +33 
NH,Br |0°968| 98+ 3600] 3580 —20 | 1'0154| 3642 +42 
Nal 0°954| 150+ 3600} 3578 —22 | 1°0318| 3634 +34 
KI 0°950 | 166 + 3600} 3578 —22 | 10355) 3644 +44 
NH,I 0°963 | 145 + 3600 | 3606 + 6 | 10248! 3654 +54 
BaCl, 0'932 | 208 + 3600} 3549 —51 | 10502} 3626 +26 
CaCl, 0°957 | 111 + 3600} 3551 —49 | 1'0253| 3619 +19 
K,SO, |0°940| 174+ 3600} 3548 —52 | 1'0380} 3636 +36 
ZnSO, |0°947| 161 + 3600] 3562 —38 | 1°0455) 3598 — 2 
FeSO, |0°951 | 152+ 3600] 3568 —32 | 1'0413| 3603 + 3 
CuSO, | 0°953| 159 + 3600 | 3583 —17 | 10444} 3599 =7 
Ba(NO,).| 0'933 | 261 + 3600} 3602 + 2 | 1°0584| 3648 +48 
Pb(NOs)2/O°919 | 331 + 3600 | 3613 +13 | 10771 | 3649 +49 


B. THEORETICAL RESULTS. 


1. Molecular Heats and Molecular Volumes. 


The general character of the results of this research are 
most clearly brought out by a survey of the figures in the fifth 
and eighth columns, since all the solutions investigated show 
the same phenomenon, namely, that doth of the values referred 


to decrease when the degree of dilution increases. 


In the fifth column are recorded the differences between the 
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molecular heats, or, as they are sometimes called, the calorific 
equivalents, of the solutions and those of the amount of water 
they contain. For sulphuric acid with 5 gram-molecules of 
water, the molecular heat of the solution is only 2°7 c greater 
than that of the solvent water; if the amount of the latter 
increases, the molecular heat becomes smaller: for 200 gram- 
molecules of water it is —5 c. This behaviour is repeated 
for all the other solutions ; for some substances the difference 
is negative, even at the highest degree of concentration, as, 
for instance, for hydrochloric acid, potassium hydroxide, and 
potassium chloride, and becomes more strongly negative on 
greater dilution ; for other solutions it is strongly positive for 
the concentrated solution, but similarly becomes less so on 
dilution, 

From this property we can deduce the following general 
result: When an aqueous solution is diluted with water, 
the molecular heat of the solution formed is less than the sum 
of that of the original solution together with that of the 
water. 

Precisely the same relation is observed with respect to 
molecular volumes. In column 8 it is shown that the difference 
between the molecular volume of a solution and that of the 
volume of water present decreases with increasing dilution, 
whence it follows that: When an aqueous solution is diluted 
with still more water a contraction is observed, since the 
resulting solution occupies a smaller volume than that of 
the original solution together with that of the water used in 
ailution. 

These relations suggest a very close connection between the 
specific heat and the density of a given solution. A further 
confirmation of this conclusion can be obtained by a com- 
parison of the molecular heats and molecular volumes of two 
solutions with those of the solution resulting from their mixture. 
We will take as an example the mixture of a solution of an acid 
with that of an alkali. 

From the numbers contained in the tables it is evident, for 
example, that the molecular heats of solutions of sulphuric, nitric, 

-and hydrochloric acids, and of sodium, potassium, and 
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ammonium hydroxides, with roo gram-molecules of water, are 
as follows :— 


R= Na K NH, 


2(ROH + 50H,O) 1770 c r752'c 1868 c 


SO; + 100H,O 1797 1797 1797 
Sum 3567 3549 3665 

R,SO, + 201H,0 3592 3566 3597 
Difference +25 +17 —68 

ROH + 100H,O 1781 1770 1833 
HNO, + 100H,O 1794 1794 1794 
Sum 3575 3564 3627 

RNO, + 201H,O0 3611 3593 3624. 
Difference +36 +29 —3 

ROH + 100H,O 1781 1770 1833 
HCl + 100H,O 1770 1770 1770 
Sum 3551 3540 3603 

RC1 + 201H,O0 3596 3583 3606 
Difference +45 +43 +3 


These results can be expressed in words : Ox neutralization 
of equivalent solutions, of equal concentration, of the three acids 
and of the three bases under consideration, the molecular heat 
of the solution formed will in the case of potassium and sodium 
hydroxides be greater than that of its constituents, in the 
case of ammonium hydroxide, on the other hand, it will be 
less. 

The molecular volumes of these same liquids, which are 
also to be found in the tables, show a precisely similar 
relationship. 
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Ii Na K NH, 
2(ROH + 50H,0) 1793 1813 1884. 
SO; + 100H,O 1815 1815 1815 
Sum 3608 3628 3699 

R,SO, + 201H,O 3633 3654. 3672 
Difference +25 | +26 —27 

ROH + 100H,O 1796 1805 1841 
HNO, + 100H,O 1829 1829 1829 
Sum 3625 3634 oy 3670 

RNO, + 201H,O 3645 3656 3664. 
Difference +20 +22 —6 

ROH + 10011,0 1796 1805 1841 
HC! + 100H,O 1818 1818 1818 
Sum 3614. 3623 3659 

RCl1 + 201H,O 3634 3643 3656 
Difference +20 +20 —3 


It therefore follows that: On neutralization of solutions of 
the hydroxides of sodium and potassium an expansion takes place ; 
on neutralization of ammonium hydroxide solution, on the other 
hand, there ts a contraction. 

The agreement between the numbers in these two tables is 
so striking and so convincing that there can be no doubt but 
that a close connection exists between the specific heat of a solution 
and its density. 


2. Influence of Temperature upon the Heat of 
Neutralization. 


In order to ascertain the influence of temperature upon the 
heat of neutralization, I undertook during the winter of 1873 
some direct experiments at temperatures differing from each 
other by intervals of 15° to 17° C.; namely, partly at the 
ordinary room temperature of 7° to 9°, and partly after the tem- 
perature had been raised to 25°. The atmospheric conditions 
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did not allow of a lower temperature than about 7° being 
maintained in the laboratory, and a higher temperature than 
about 25° would naturally be unendurable for the length of 
time occupied by the observations. 

The neutralization experiments were carried out with the 
same liquids and the same apparatus, and, excepting that the 
temperature of the reactions was different, under exactly similar 
conditions. ‘The researches were restricted to the measure- 
ment of the heats of neutralization of the following solutions :— 


A = SO, + 200H,O 

B = HCl + 100H,O 

C = NaOH + 100H,O 
D = NH,OH + 100H,O 


It was not thought necessary to extend these experiments 
to the determination of the heat of neutralization of potassium 
hydroxide, since all previous experiments have demonstrated 
the close agreement in behaviour of this substance with sodium 
hydroxide. I shall naturally omit the experimental details, 
and communicate only the numerical results. In the table 
below 7' represents the temperature of the experiment. 


HEATS OF NEUTRALIZATION OF SULPHATES. 


T A +e2C T A+2D 
Sodium sulphate. Ammonium sulphate. 


Temperature 9°16 32,059 c 9°°70 28,459 c 
of experiment 14°°42 31,646 25°°26 20,541 
Difference 15°26 —413c 15°°56 +1082 c 


HEATsS OF NEUTRALIZATION OF CHLORIDES. 


T B+tec 


; Tr B+D 
Sodium chloride. 


Ammonium chloride. 


Temperature { 10°14 14,247 ¢ 9°°60 12,540 c 
of experiment 24°°60 13,627 24°°9O1 12,580 


Difference 14°°46 —620 c. 1§°°31 +4oc 


s 
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Thus at higher temperatures the heat of neutralization ts 
smaller for sodium salts, but larger for ammonium salts, Now, 
if we put the change as proportional to the increase in tempera- 
ture, which owing to the small temperature interval may be 
done without introducing any appreciable error, we shall then, 
by dividing the alteration in the heat of neutralization by the 
temperature interval, be able to determine the magnitude of the 
change for a rise of 1°. If we call the temperature coefficient 4, 
we obtain for the formation of 


Sodium sulphate ¢ = ure = —27 ¢ 
Ammonium sulphate ¢ = +a = +69 

Sodium chloride ¢ = — a = —43 
Ammonium chloride ¢ = + oe aps +2°6 


These values of ¢ are very different both in magnitude and 
in sign ; but it will at once be seen that they stand in very close 
agreement with the specific heats of the initial and final 
solutions. 


3. Dependence of the Thermal Effect upon the Specific 
Heats of the Solutions employed. 


If the weights of the reacting solutions in the neutralization 
experiments (acid and base) be represented by A and #, and 
the specific heats of these two solutions and of the solution 
formed on neutralization (4+ 2) by a, 6, and y, then the 
molecular heats of the three solutions will be 


Ligh SG, 
Bi. B= % 
(A+ S)y=4% 


Furthermore, the amount of heat which a solution of which 
the molecular heat is g will give up when it is cooled from a 
temperature of Z'to one of ¢1is determined by the integral 


id 
[ea 
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Now, when the solutions 4A and # are at a temperature 7, 
and the neutralization takes place at this temperature, then the 
solution formed (4+) must, when it is cooled to a tempera- 
ture 7, have a heat of neutralization ,, and an amount of heat 
corresponding to the integral above will be evolved, so that the 
total heat effect is 


it 
Rit | Goilt. 


On the other hand, when both solutions 4A and # are first 
cooled from the temperature 7 to that of ¢ before they act 
upon each other, then the mixed solutions, after having given 
rise to their heat of neutralization #,, will also acquire the 
temperature 4, and the total thermal effect will consequently be 


T 
i) (Gu + grat + Ri. 


Now, since the initial and final states of the two substances 
A and B& are the same in the two cases, the amount of heat 
produced must also be equal; so that we have 


7 
Rr-Re= [ut q—agdt. . . (x) 


If now we regard the specific heats of the solutions as 
constant over the small temperature interval 7 — 7, then the 
equation can be reduced to 

Ry — R, = (T— that Ge — Ge). « ~ (2) 
and the difference in the heat of neutralization for a rise of 1° C. 
in temperature ts 
Rr — Rk, 
T-t 

This magnitude ¢, which was determined above by direct 
neutralization experiments at different temperatures, can also 
be deduced from the specific heats of the solutions employed, 
or better still from their molecular heats. The solutions 
investigated had the following concentrations :— 

SO, + 200H,O 
HCl + 1ooH,O 
NaOH + 100H,O 
NH,OH + 100H,O 


=Gtq-w=e - +. (3) 
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If now, from the molecular heats contained in Table 16 on 
the specific heats of solutions, we calculate the value of 4¢, 
which, from what has been stated above, should be 


o=G+% — Jo 


we obtain the following results for 


SopIuM SULPHATE. 


4A=43Na0H + 200H,0 . . 9,= 3562¢ 

f= SO) + 20cm. . « . G = aos 

Gu So Jo = 7157 

A} 6 = NaSO, + 4010. . . g,= 7136 
pir a agie 


AMMONIUM SULPHATE. 


4=2NH,0H - 200H,0. . ¢, = 3666 c 
B= SOy-- 200H,0O . . . « G = 3595 
Ga + GQ = 7261 
A+ B(NH,).SO,+401H,0 . . g,= 71096 
¢= +65 c 


SopruM CHLORIDE. 


A=NaOH + 100H,O. . . Uy, = TIST © 
OB=HC-+ rook . . . g = 1770 
Ga 52 % = 3551 
4p is NaCi-- 2ornjO .. «og, == 3506 
$= -45¢ 


AMMONIUM CHLORIDE. 


A=NH,0H+100H,0O . . g,=1833¢ 
&=HCl+100H, .. . g,=1770 
Ga +4, = 3603 
A GS NU) 201k. , « g,= 3606 


g=— 3c 
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A comparison of these values for ¢, calculated from the 
specific heats of the solutions, with the results obtained from 
the direct neutralization experiments shows that there is 
complete agreement, and also proves the correctness of the 
equation 


Rr — R, 
io = Gat %—-% =. 


The values are 


Composition of the solution formed. & _— Ga +9 - % 
Na,SO, + 401H,O —27¢ —209¢ 
(NH,).SO, + 401H,O +69 +65 
NaCl + 201H,O —43 —45 
NH,Cl + 201H,O + 2°6 — 3 


Hence it follows— 

1. That the heats of neutralization of sodium sulphate and 
of sodium chloride decrease at higher temperatures ; 

2. That the heat of neutralization of ammonium sulphate 
vises with an increase of temperature, whilst that of 
ammonium chloride appears to be independent of the 
temperature ; and 

3. The change in the heat of neutralization with tempera- 
ture is equal to the difference between the molecular 
heats of the original solution and of the solution 
formed, and is therefore equal to g, + 9, — g,; it is 
this number which is deduced from the specific heat 
of the liquid. 

If now we assume that the specific heats of solutions do 

not change appreciably within a narrow range of temperature, 
we can put 


Ay Eg ee ee 


and we find that the dependence of the heat of neutralization 
upon the temperature can be expressed by the figures given 
below, which apply to equivalent solutions of Na,SO, and 
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2NaCl, etc. ‘The concentration of all the reacting solutions 
was R + 200H.0. 


Heat of neutralization at 


Composition of the solution formed. the temperature 2 


Na,SO, + 401H,0 32,306 c — 27¢¢c 
2NaCl + 402H,O | 29,366 — 86¢ 
(NH,).SO, + 4o1H,O | 27,790 + 69¢ 
2NH,Cl + 402H,O 25,030 + 5¢ 


In a similar manner the dependence of the heat of 
reaction upon the temperature can be calculated for other 
chemical processes. 


4. Influence of Temperature upon the Heat of Solution 
of a Substance. 


In an earlier chapter I have pointed out that the thermal 
effect due to the solution of a substance in water is dependent 
upon the amount of water used ; but the temperature at which 
solution takes place has also, as has been explained above, an 
influence on the magnitude of the heat of solution. 

Let Z, and Z, represent the heats of solution at tempera- 
tures T and ¢ when 1 molecule of the substance dissolves in 
molecules of water, and g and g, represent respectively the 
molecular heats of the substance and of the solution formed ; 
then, according to equation (3), we have approximately— 


L, — £, 
Ta pg ee ed, 


The change in thermal offect with rise of temperature can 
therefore be either positive or negative, according to whether 
(18 + 9) is greater or less than g.. A few examples will now 
be brought forward. 

The thermal effect on solution of awhydrous salts in water 
is either positive or negative ; but for none of the salts that 
have hitherto been investigated is the molecular heat, g,, of 
the solution formed greater than the sum of the molecular 
heats of the water and of the substance dissolved, (18% + 4) ; 


io 
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¢ will consequently be positive for anhydrous salts, and we can 
thus establish the following general rule :— 

The thermal effect on solution of an anhydrous salt in water 
rises with the temperature of the water ; that ts to say, a negative 
heat of solution decreases in magnitude, whilst a positive heat of 
solution increases, when the temperature of the water is raised. 

The thermal effect on solution of Aydrated salts is partly 
positive, partly negative ; but the molecular heat of the solution 
formed can be less as well as greater than the sum of the 
molecular heats of the constituents. This arises from the fact 
that the water in crystallized salts has a lower specific heat 
than the liquid water which is a constituent of the solution, and 
therefore, in this case, the relations will be more complicated. 
The heat of solution of magnesium sulphate will be taken as 
an illustration. 

When a gram-molecule of MgSO, dissolves in z gram-mole- 
cules of water, and 1 gram-molecule of MgSO,. 7H,O dissolves 
in (z — 7) gram-molecules of water, there is formed in both cases 
a solution of the same concentration, MgSO, + ”~H,O. ‘The 
change in thermal effect with temperature is in the two cases 
expressed by 


For the anhydrous salt . . ¢ =18.%+9-4, 
» hydrated , . . % =18(2—7)+%—-%y 


where g, is the molecular heat of the solution formed, whilst ¢g 
and g, represent respectively the molecular heats of the 
anhydrous and of the hydrated salts, which, according to the 
earlier investigations on the specific heats of these salts, are 
respectively 27c and 1ooc. ‘Table 16 contains the values 
of g. when z is equal to 20, 50, 100, and 200, and we therefore 
obtain 


MgSO, MgSO4.7H20 
3 82+9-9,=h 18(4—7)+91-7 = 91 
20 360 +27 — 357 = 30 234 + 100— 357 = — 23 
50 900 + 27 — 874 = 53 774+ 100— 874=— © 
100 1800 + 27 — 1761 = 66 1674 + 100 — 1761 = + 13 


200 3600 + 27 — 3541 = 86 3474 + 100 — 3541 = + 33 
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The heats of solution of the two salts at 18° and in 4oo 
gram-molecules of H.,O are respectively + 20,280 c and 
—3800c. Lut since p and p, rise with increase of temperature, 
so also will the change in the heats of solution of both salts rise 
with increasing amounts of water, Furthermore, since ¢ is 
positive at all four dilutions, and the heat of solution of the 
anhydrous salt is positive, therefore the latter will also, in all 
cases, rise with an increase of temperature. For the crystal- 
lized salt with 7 molecules of water, of which the heat of 
solution is negative, the properties are different ; for here a rise 
of temperature increases the negative thermal effect when the 
salt dissolves in 20 molecules of water ; on the other hand, a 
smaller negative thermal effect is produced when the salt 
is dissolved in 100 or 200 molecules of water. 

The change in thermal effect on solution of a substance 
with a rise of temperature is thus always dependent upon the 
difference between the molecular heats of the constituents and 
of the solution, or upon 


Ga a2 Jo — Yee 


On solution of sulphuric acid, or on absorption of hydrogen 
chloride, in water the heat of solution rises with the temperature, 
and becomes still greater the larger the amount of water. Accord- 
ing to Table 16, we have for 


(H,SO,, n£7,0) 


Ja t+%m—- ~%@= FP 

when z= 1 18 + 33 — 5I-= o 

a C= 5 go + 33 — 108 = 15 
3» “2=50 goo+ 33 — 914 = 19, etc. 


Similarly for the absorption of hydrochloric acid in water. 


(CZ, nf, 0) 
Jat G- Gd= 
when#z= I0 180+ 7— 162=25 
50 goo + 7 — 873 = 34 
» %=100 1800+ 7 — 1170 = 37, etc. 


55 7 


li 
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These examples will be sufficient to illustrate the influence 
of temperature upon the heat of solution of a substance. 


5. Influence of Temperature upon the Thermal Effect on 
Dilution of Aqueous Solutions. 


The experiments on the direct measurement of the heats 
of neutralization with variations of temperature, described in 
a preceding section, p. 167, are only a few examples chosen 
from a large number of experiments which I undertook during 
the winter of 1873 to 1874, with a view of determining the 
thermal effect of the same reaction when carried out at 
temperatures which differed widely from each other. In order 
to obtain reliable experimental results, it was necessary that the 
laboratory should be at the same temperature as the liquid in 
the calorimeter, and I therefore limited the experiments to a 
difference of temperature of from 16° to 18°, since I worked 
partly at 7° to 8°, partly at 25° to 26° C., the last-mentioned 
temperature being unpleasantly hot for prolonged researches. 

The whole of this work was in a way unnecessary, since, as 
I have already shown, the values sought can be calculated 
from the specific heats of the liquids employed; but this 
method does not lead to such accurate results as the determi- 
nation of the thermal effect of reactions in aqueous solutions, 
and, besides, I always prefer to have direct confirmation of 
theoretical deductions. 

The researches include the relations between sulphuric 
acid, hydrochloric acid, and caustic soda, together with their 
salts, in aqueous solution, and deal partly with the shermad effect 
on neutralization, partly with the dilution of solutions, and 
finally with partial decomposition. All three phenomena were 
studied at different temperatures and at different degrees of 
dilution. 

Numerical results upon the influence of temperature on the 
heat of dilution of solutions are given below (see Zherm. 
Unters., 1. pp. 80-88), where each result given is the mean 
value of three separate experiments. 
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SuLPHURIC ACID SOLUTION AND WATER. 


(AeS04 . nH»0, nHo0) 


a= 50 100 200 
he 28°26" 25°04° ZA' 2° 
t 8°05 8°07 8'00 
Rr 206 c 244 324 .¢c 

(i 99 150 228 
RT — R, 107 c 94.¢ 96 c 
T-¢ iy) 17*OP 15°9° 

Rp— ke ; 


As before, ¢ represents the change in thermal effect for 
a rise of 1° C. in temperature. The thermal effect at o° is then 
found from the following equation :— 


R, = R,- dt; 


for the three degrees of dilution we therefore have the follow- 
ing expression for the heat of dilution :— 


for ” 


50 K,= 5OC+> 022 
% = 100 Kk, = Fo = os7 
= 300 18g 5 7 


For the remainder of the reactions the investigations were 
arried out in a similar manner, and I shall therefore limit 
yself to a statement of the conclusions arrived at, and refer 
e reader to my earlier work for further details. 


T. iPS cy N 


178 FORMATION OF AQUEOUS SOLUTIONS 


TABLE 17. 


INFLUENCE OF TEMPERATURE UPON THE HEAT OF DILUTION 


Reaction. n Thermal effect at 7. 
50 50+ 6:2¢ 
(7#,50,.277,0, n7H,0) wy 100 106+ 5°5¢ 
200 183+ 5°72 
50 322+ 6°6¢ 
(2ACl. (un + 1)H,0, 2/7,0) | 100 744+ 8°7¢ 
200 — 22+ I10'2¢ 
50 —687 + 217 
(2NaOH.nf/,0, nH,0) | 100 —540 + 172 
200 — 390 + 157 
100 —845 + 21¢ 
(Na,SO,. (7 + 1)H,0, xH7,0) | 200 — 593 + 197 
400 — 396 + 17¢ 
(2NaCl. (n + 1)H,0, nH,0) { pine Sela 
(NaySO,.2HCI.nt,0, n2,0) {250 705 cd 
5 1d i ek 14°5¢ 
(2NaCl. H,SO,.nH,0, nl7,0) 300 ) 


The preceding table thus contains the results of my 
researches on the influence of temperature upon the thermal 
effect on dilution of aqueous solutions at different concen- 
trations. In every case the solution was diluted with an 
amount of water equal to that which it already contained ; that 
is to say, the concentration was halved in each successive 
experiment. The thermal effect is expressed in the table as 
the sum of the thermal effect at o° and of the heat-change which 
takes place when the temperature rises ¢ degrees. 

I have measured the thermal effect of sodium chloride at 
25° for dilutions other than the above-mentioned, and have 
found 

for 7 = 25 50 100 200 400 
Ro = — 408 c, —331 c, —186 c, —43 ¢, + 6. 

For two only of these dilutions (100 and 2c0) was it 
possible to carry out a measurement at about 7°, since, owing 
to the mildness of the winter, the temperature of the air was. 
usually above 7°. 
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A glance at the numbers contained in the last column of 
the table leads to the following general conclusion :— 

The change in thermal effect which occurs with a rise of 
temperature is always positive, guite independently of whether the 
thermal effect on dilution of an aqueous solution with water be 
positive or negative, 

For solutions of sulphuric and hydrochloric acids the 
thermal effect is positive, for the other substances investigated 
it is negative; but the change with rise of temperature is 
always positive. 

This general result could also be deduced from my deter- 
minations of the specific heats of aqueous solutions, from 
which it is evident that the molecular heat of an aqueous 
solution when mixed with water is always less than the sum of 
the molecular heats of the original solution and of the water used 
in dilution. If Quy % 9. represent these three values, the 
change in thermal effect with a rise of temperature will be 

ad. 
OS ae ere ae 
as has been shown by direct experiment ; but in this manner 
¢@ can be determined with far greater accuracy than when 
the value is deduced from the specific heats of the solutions. 


6. Influence of Temperature and of Dilution upon the 
Thermal Effect of Partial Decomposition in Aqueous 
Solutions, and upon the Degree of Dilution. 


In Chapter V. I have recorded the results of my researches 
on the partial decomposition which takes place when an acid 
acts upon a salt inaqueous solution. Fundamental experiments 
have shown that when equivalent quantities of nitric acid and 
sodium sulphate react upon each other in aqueous solution, the 
base is distributed between the two acids in the ratio of 2: 1, 
so that two-thirds of the base is united to nitric acid and 
only one-third to sulphuric acid. A precisely similar ratio 
holds when hydrochloric acid replaces nitric in the reaction 
mentioned. 


ee 
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The ability of an acid to obtain possession of a base I 
have called the avidity of the acid, and have chosen nitric 
and hydrochloric acids as the unit. The avidity of sulphuric 
acid will then be o'5. ‘The avidity of many other acids with 
respect to sodium hydroxide, as well as the relative avidities 
of sulphuric and hydrochloric acids for certain other bases, 
follow from the researches already described. 

These values, however, only hold good when the conditions 
of the corresponding experiments are exactly fulfilled ; that is 
to say, when the concentration of the solution, and its tempera- 
ture, are the same as those of the original experiment. 

It still remains to be determined how far the degree of 


partial decomposition will be influenced by the concentration of — 


the solution and by the temperature of the experiment. ‘This 
problem forms the subject of the following investigation. 

The experiments now to be described conclude the calori- 
metric determinations (160 in all) which I undertook during 
the winter of 1873 to 1874, partly at a temperature of about 7°, 
partly at about 25°. Besides the fundamental experiments on 
partial decomposition, there are also included experiments on 
the relations between sulphuric acid, hydrochloric acid, and 
caustic soda. Three different degrees of dilution were em- 
ployed, at each of which measurements of the thermal effect 
were carried out by six different processes, and this was done 
both at the high and at the low temperature. No less than 
thirty thermal measurements were therefore made for each 
substance, and in every case two or three separate determina- 
tions were carried out. 

The five reactions take place between— 

t. Sodium sulphate and an equivalent amount of hydro- 

chloric acid ; 

2, Sodium chloride and an equivalent amount of sulphuric 

acid ; 

3. Sodium sulphate with twice the equivalent amount of 

sulphuric acid ; 

4. Sodium chloride with half an equivalent of hydrochloric 

acid ; and 
Finally, the thermal effect due to the mixing of the two 


on 


us. 
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liquids formed in 3 and 4 should be measured; the 
liquids so formed will have the same composition as 
the liquids resulting from 1 and 2. 
For the sake of brevity the solutions employed will be 
represented by ?, Q, and JZ, so that 


P= F550, + nO 
O = 2HCl -+- nH,0 
B = 2NaOH + (n — 1)H,O 
BP = Na,SO, + (2n + 1)H,O 
BQ = 2NaCl + (2n + 1)H,O 
For the three degrees of dilution x equalled respectively 50, 
roo, and 200, 


Results of the experiments at a dilution 7 = 50 are com- 
pared in the next table. 


React Thermal effect 
n= a at about 7°4° at about 25° R, + bt 

(BP, Q) —2916¢ — 3823 ¢ —2535¢—51'5¢ 
(8Q, P) + 453 + 391 + 481 — 3°62 
(B, Q)—(4, P) — 3369 ¢ —4214¢ — 3016 c —47°9¢ 
(AP I2P) — 2262 c —3154c — 1879 c —51‘o¢ 
(2BQ, Q) + 325 + 262 fae > oar Wk 
(BP; £,0;) — 66 — 165 — 24 — 5°6¢ 
Sum S — 2003 c — 3057¢ — 1551 c —60°3¢ 


The first line contains the thermal effect of the reaction of 
Na,SO,. 50H,O upon 2HC1. 50H,O, both at 7°4° and at 25°, 
whilst the last column in the same line gives the calculated 
heat of reaction at o° and the temperature coefficient ¢. The 
second line contains the thermal effect of the reverse reaction— 
that is, between H,SO,.50H:O and 2NaCl.50H,O. The 
difference between the numbers in the two lines will, as was . 
pointed out on p. 144, be equal to the difference between the 
heats of neutralization of hydrochloric and sulphuric acids. 

Now, if the bases in these two reactions are distributed 
between hydrochloric and sulphuric acids in the ratio 2:1, 
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then. both the liquids formed will contain the substances in the 
following proportions :— 


3BQ+4BP+430 + BP, or 
1(2BQ+ BP+Q+2P), 


and the following reaction will take place, namely— 
UBF, 2P) + (2BQ, Q) + (BPs B:Qs)| = 35: 


The thermal effects of these three reactions are given in lines 
4, 5, and 6. 

The total thermal effect in the reaction (BP, Q), in which 
two-thirds of a molecule of Na,SO, are decomposed and two- 
thirds of 2NaCl are formed, must therefore be 

(BP, Q) = —§.3369 c —4. 2003 c= —2914 Cat 74° 

= —#.4214 c —}. 3057 c= —3828 c at 25° 


The complete agreement between these numbers, namely, 
—2914 c and —3828 c, with those found directly for the 
reaction (BP, Q), that is — 2916 c and — 3828 c, proves that the 
assumption made in the calculation, namely, that the base is 
divided between the two acids in the ratio 2: 1, is entirely 
justified, and it therefore follows ‘hat the temperature does not 
exercise any influence upon the degree of partial decomposition at 
the dilution employed. 

The next group of experiments gives the thermal effects of 
the same reactions in solutions containing double the amount 
of water, # = 100. 


‘Thermal effect 


Reacti Z 
pate. at about 7°4° at about 25° Rat bt 

(BP, Q) —2775¢ —3744 Cc — 2380 c —53'8¢ 
(BQ, P) + 669 + 576 + 707 — 5:2¢ 
(B, Q)-(B, F) —3444 € — 4320 — 3087 c —48'6 7 
(BP, 2P) — 1800 ¢ — 2664 ¢ —1434 ¢ —49°2 ¢ 
(2BQ, Q) + 140 + 135 + 142 — o3¢ 
(BP;, BQ) + 114 + 64 + 137 — 3°02 
Sum S —1546c¢ —2465 ¢ —1155 c—52°5 z 
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Assuming that the degree of partial decomposition is the 
same as at the dilution 2 = 50, we obtain for (BP, @) the 
following calculated values :— 


9 


—2 3444c—} x 1546c =—2811 catabout 7°4° 
(BP, Q)= 13 X 4320 c—4 X 2465 c = — 3702 cat about 25° 

The small difference between the calculated values for 
(BP, Q) and those determined by direct experiment, namely, 
+36 and —42 c, which amounts to only about 1 per cent. of 
the heat of neutralization, shows that the degree of decomposition 
is also at this dilution practically independent of the temperature. 

Experiments at the ¢hird degree of dilution (# = 200) 
showed that, owing to the great dilution, it is not possible to 
obtain accurate measurements of the thermal effect in the case 
of reactions 4 and 5. It was therefore necessary to adopt 
some other method in order to confirm the statement that a 
base in the presence of equivalent amounts of different acids 
will always be distributed between them in an invariable ratio. 

When a solution contains equivalent quantities of sodium 
hydroxide, sulphuric acid, and hydrochloric acid, and the 
partition-coefficient is as 1 : 2, then the solution will have the 
composition 44P + 42Q, employing the same signs as before. 
If now we mix these two solutions, the one containing 44? and 
the other 45Q, then no reaction should take place, provided 
the partition-coefficient had been correctly determined, and, as 
a natural consequence, there will not be any appreciable 
thermal effect. 

Solutions were therefore prepared of the composition 2,,P 
and 4, _,Q, where z represents successively 2, +, 2, and 4. 
On mixing two such solutions it is easy to calculate from 
the observed thermal effect what the partition-coefficient must 
be in order to obtain a zero or minimum value for the thermal 
effect. Experiments were carried out at 18°, and_ with 
solutions of two degrees of dilution, such that after mixing 
they contained respectively 150 and 300 equivalents of water 
for 1 equivalent of the base. The result was as follows :— 
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(B,,P, By - n@) 


n I—-“” 150 mol. HyO 300 ial, H,O ai(1—2) 
j 5 + 57¢ +229 c 2:5 
4 3 — 4! “+ 28 122 
3 3 —185 —128 (- 2:3 
} h —576 —550 x21 


From this it is evident that the thermal effect is at its 
lowest value when the base is distributed between the acids in 
the ratio 1: 2. 

Summing up all the data available, we may undoubtedly 
arrive at the following conclusions :— 

1. When 1 equivalent of sulphuric acid, 1 equivalent of 
hydrochloric acid (or 1 equivalent of nitric acid), and 
equivalent of caustic soda react upon each other in 
aqueous solution, the base is distributed between the two 
acids in the ratio 1: 2. 

2. The partition-coefficient does not change, either with the 
amount of water in the solution, or with tts temperature, 
to such an extent that any alteration can be detected with 
certainty by calorimetric measurements. 

The magnitude of the avidity must therefore be regarded 
as a characteristic value for each acid, and this is the case also 
with regard to its influence on other reactions. ‘The observa- 
tions of Mills and Hogarth (Proc. Roy. Soc., 28, 270) are 
therefore not without interest, since they prove that cane sugar 
is inverted into glucose and levulose with equal rapidity by 
molecular quantities of hydrochloric or of sulphuric acid (either 
by HCl or by H,SO,); that is to say, the influence of equal 
equivalents are as 2:1. 


The outcome of the researches on the influence of tempera- 
ture on the thermal effect of chemical reactions in aqueous 
solutions, as, for instance, neutralization, solution in water, 
dilution of aqueous solutions, and partial decomposition of 
salts by acids, is therefore to show that ‘emperature exercises 
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an appreciable influence on the magnitude of the thermal effect in 
the individual cases ; but it is also apparent that these influences 
are closely connected with the specific heats of the solutions 
employed, from which. they can be theoretically calculated (see 
p. 169). 


PART II 
COMPOUNDS OF NON-METALS 


CHAPTER VIII 


COMPOUNDS OF THE NON-METALS—METHODS OF 
INVESTIGATION AND THEORETICAL RESULTS 


THe thermal effect which accompanies the formation of a 
chemical compound from its elements is, as is well known, 
equal to the difference between the total energy of the 
constituents and that of the compound formed, and is conse- 
quently a partial expression of the mutual affinities of the 
elements; for when a compound is again resolved into its 
elements an equal amount of energy must be supplied to that 
which is given up on formation of the compound. ‘The 
relation between the magnitude of the affinity and that of the 
thermal effect is, however, rather more complex. Elements, 
like compounds, are aggregates of atoms, but with this 
difference—that whilst the molecule of an element is composed 
of similar atoms, that of a compound is composed of dissimilar 
atoms. Reactions between elements are therefore of precisely the 
same character as reactions between compounds ; in both cases 
the original molecules are decomposed and new molecules 
are formed. The thermal effect accompanying the reactions 
will, therefore, under similar conditions, depend upon the differ- 
ence between the total energy of the molecules decomposed 
and that of the molecules formed. 

When chlorine unites with hydrogen there is no change in 
the state of aggregation, since both of the constituents as well as 


~ ik 
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the compound formed are gaseous, neither is there any change 
in volume. The reaction between nitrogen and oxygen to 
form nitric oxide (NO) is equally simple; all the substances 
concerned are gaseous, and there is no change of volume. 
The thermal effect in these examples may, therefore, bear a 
simple relation to the affinities between them. But experi- 
ments show that the thermal effect for a molecule of the 
reacting elements is in the first case +44,000¢, in the second 
case — 43,150. 

Now, if the molecules of the gaseous elements be supposed 
to be built up in the simplest manner, so that each molecule 
contains two atoms, the reactions referred to can be expressed 
as follows :— 


(H, : Ch) = 2(H, Cl)—(H, H)—(C%, Cl) = + 44,000 c 
(N,: 0.) = 2(W, 0)-(W, W)—(0, 0) = — 43,150 


I| 


Whence it follows that 


(4, Cl) = 22,0000+4(H, H)+1(C% C2) 
(WN, O) = — 21,575 c+ (MN, VY) + 30, O); 


that is to say, the affinity between chlorine and hydrogen must 
be greater than 22,000c, provided that the formation of the 
molecules of these elements from their atoms is accompanied 
by an evolution of heat ; or, in other words, provided the atoms 
of the elements are joined together by positive affinities. 

Now, it is not likely that similar atoms would unite to form 
molecules unless there were a mutual attraction between them, 
and the decomposition of the molecule of an element into its atoms 
must therefore be accompanted by a loss of energy. 

, If, then, the formation of the molecule NO gives rise to a 
negative thermal effect, it must be because the decomposition 
of the original molecules of nitrogen and oxygen absorbs a 
greater amount of energy than corresponds to the formation of 
the molecule of NO from the atoms of nitrogen and oxygen in 
the free state. Zhe more strongly the atoms of an element are 
bound together within the molecule the greater will be the difficulty 
in decomposing such a molecule, and the smaller will be the tendency 
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of the element to react with other substances. It is precisely this 
property which appears to be characteristic of nitrogen. 

From the preceding examples it is evident that the thermal 
effect which is observed in what is known as direct synthesis 1s not 
an absolute measure of the affinity of the constituents of the com- 
pound formed. But a measure of the heats of formation of 
compounds is, nevertheless, of great importance as a means by 
which we may arrive at some knowledge of the true affinities of 
the elements. We shall refer later to an experiment dealing 
with this question. 

The heat of formation of a compound can be measured 
either directly or indirectly. The first method gives results 
which are independent of any other determinations, and will 
consequently lead to the most accurate results, provided always 
that the direct formation takes place under conditions favour- 
able to an exact calorimetric measurement of the resulting 
thermal effect. ‘This result is, however, attained only for a very 
small number of compounds, such as water, hydrogen chloride, 
carbon dioxide, sulphur dioxide ; but in most cases the direct 
union of elements takes place only at a higher temperature 
than is compatible with accurate calorimetric work. 

In the majority of cases, therefore, we are obliged to 
determine the required thermal effect in an ¢vdirect manner, by 
means of single or double decomposition in agueous solution. 
Asa rule this method also gives very trustworthy results when 
the fundamental numbers employed in the calculations have 
been determined with sufficient care. Dut the heat of formation 
of certain compounds must be directly measured in every case, and 
fortunately this can be done for many of the substances which 
most frequently form the basis of the calculations. Special 
care was therefore devoted to measuring the thermal change 
on formation of water, hydrogen chloride, sulphur dioxide, 
carbon monoxide, chlorine monoxide, and other equally 
important compounds. 

In the present chapter we shall give an account of the special 
methods which were adopted in determining the heats of 
formation of compounds of the non-metals. ‘The subject- 
matter is divided into four main groups, namely— 
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A. Hydrogen compounds of the non-metals, 
B. Oxygen 
C. Chlorine a 


tP) 
D. Sulphur and nitrogen compounds of carbon, 


” ” ” 


” 


and in each of the groups the substances are arranged in order 
of the valency of the non-metals; as, for instance, chlorine, 
bromine, and iodine ; oxygen, sulphur, selenium, and tellurium, 
etc. After all the compounds have been described in this 
manner, the numerical results obtained will be tabulated in 
Chapter IX. For complete experimental details the reader is 
referred to Therm. Unters., vol. ii. 


A. HypROGEN COMPOUNDS OF THE NON-METALS. 


1. Hydrogen Chloride, Hydrogen Bromide, and Hydrogen 
Iodide. 


The heat of formation of hydrogen chloride is measured 
directly by burning dry chlorine in an atmosphere of hydrogen ; 
whilst in the case of hydrogen bromide, and in that of hydrogen 
todide, the thermal effect is derived from the decomposition of 
an aqueous solution of the bromide and iodide of potassium 
by means of dry gaseous chlorine. In addition, the thermal 
effect due to the absorption in water of these three gaseous 
hydrogen halides, and also of chlorine, as well as the heat of 
solution of bromine in water, were determined, and finally the 
latent heat of bromine was measured at 17°. The results are 
compared in the table below. All particulars will be found in 
Therm, Unters., vol. i. pp. 8-43; here I shall only mention 
that in the first group of experiments 33 litres of hydrogen 
chloride were formed by burning chlorine in hydrogen, and 
that the latent heat of bromine was determined by evaporating 
19 grams of bromine in a calorimeter by means of a current of 
airat 17° C. A diagram of the apparatus used has, however, 
been reproduced (see Fig. 8). 
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R (R, H) (RH, Aq) (R, H, Ag) 
Cl Gas 22,001 c Lyfe nyt (6 39,315 ¢ 
Br Liquid 8,440 19,936 28,376 
I Solid — 6,036 19,207 153,070 


(CZ, Aq) = 4870 c heat of absorption 
(8x, 4g) = 1078 » solution 
Br, gas— Lr, liquid = 6563 5»  Vaporization. 


The second column shows that the thermal effect on formation 
of these gaseous compounds is greatest for hydrogen chloride, 
very much less for hydrogen bromide, and becomes negative 
for hydrogen iodide. ‘This behaviour is exactly parallel with 
the stability of these same compounds with a rise of tempera- 
ture ; for whilst hydrogen chloride is decomposed only at a 
very high temperature, the dissociation of hydrogen bromide 
takes place on feeble heating, and hydrogen iodide decom- 
poses spontaneously at ordinary temperatures. 

The ‘¢hird column contains the heats of absorption of the 
substances ; and it is noteworthy that hydrogen chloride has 
a lower value than the other two, which are of almost equal 
magnitude ; this is not due to any etror of experiment, since 
the fact has been confirmed in other determinations. 

In the fourth column are included the sums of the numbers 
contained in the second and third columns ; that is to say, 
the thermal effect on formation of aqueous solutions of these 
substances from their elements. These numbers serve to 
exemplify the different degrees of affinity of the halogens, 
which are also shown by the well-known fact that chlorine can 
decompose both hydrogen bromide and hydrogen iodide in 
aqueous solution (as well as in the free state), and that bromine 
can decompose hydrogen iodide, whilst iodine does not exercise 
any influence on the two other hydrogen halides. 

The unequal affinities are also apparent in the behaviour of 
these solutions towards oxygen (or atmospheric air); since an 
aqueous solution of hydrogen chloride, as is wel] known, is not 
decomposed on long exposure to the air, whilst aqueous 
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hydrogen bromide is very soon coloured yellow by partial 
oxidation, and aqueous hydrogen iodide is gradually com- 
pletely decomposed by atmospheric oxygen. 

Then again, the unequal affinity is shown by the fact that 
chlorine and hydrogen unite together very readily, bromine and 
hydrogen require the aid of a rise of temperature, and then 
only unite partially, whilst the rate of union of iodine with 
hydrogen is still slower. 

The heats of formation given for the three compounds can, 
however, only be compared with certain limitations; for 
chlorine is a gas, bromine a liquid, and iodine a solid body. 
If the thermal effect refers to the three substances in the 
gaseous state, and at the same temperature, then the heats 
of vaporization of bromine and iodine must be added on. For 
half a gram-molecule of bromine this has been shown above to 
be 3281 c; for half a gram-molecule of iodine calculations 
from earlier experiments give a value of 5448 c, if the forma- 
tion of hydrogen iodide be supposed to take place at 19° C. 
We then have 


for bromine vapour (/7,47',,) =8440c + 3281 c=11,721C]| 


for iodine vapour (/7, /,,,) = —6036 +5448 = — 588 - Kea 


Since the thermal effect is dependent upon the temperature 
(see Chapter VII.), and the variation between the temperature 
limits of Zand ¢ are represented by the equation 

Ro— Ry = (L-YGa + W-e)s 

where g, and g, are the molecular heats of the elements, and 
g. that of the compound, the difference in the preceding case 
being o*9 c, then the thermal effect at o° can be found by 
deducting 19 X o'9 ¢ from the number above. We _ thus 
obtain 

(77, CZ) = 21,984 + oof | Valid at the temperature ¢ when 
(ZZ, Bra.) = 11,704 + o'9¢ all the constituents are assumed 

(A, Lous) = — 605 + 0°97 to be in the gaseous state. 


At the boiling-point of iodine the heat of formation of 
hydrogen iodide will therefore be —605 c +180 X o'9 ¢ = 


— 443 C. 
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2. Water, Hydrogen Peroxide, and Hydrogen Sulphide. 


(a) The heat of formation of zvafer—that is to say, the heat 
of combustion of hydrogen—is measured directly by burning 
oxygen in hydrogen, and in the seven experiments carried out 
18°93 grams of water were formed. ‘The result, calculated for 
18 grams of water, is 


(Zh, O) = 68,357 c, 


where. the product of combustion is liquid water at 18° C. If, 
- in accordance with more recent determinations, we call the 
molecular weight of water 18’or5, then the molecular heat of 
combustion becomes 68,414 c, or 0°8 per cent. greater. But in 
calculating the results of all the later experiments into which 
the heat of combustion of hydrogen enters the number 68,360 c 
was always used, and since the required correction is so 
very small, namely, r’ooo8 times the value employed, I have 
not thought it necessary to alter all the derived numbers. 

The heat of formation is necessarily influenced by the 
temperature and state of aggregation of the water resulting 
from the combustion. If, after combustion has taken place, 
we assume the water present as vapour at 18°, then the heat of 
combustion will be 10,424 c lower (owing to the latent heat of 
water), and if the variation with temperature be estimated 
in the manner previously described (p. 170), we arrive at the 
following general results :— 


(a) Zhe thermal effect on formation of 1 gram-molecule of 
water from oxygen and hydrogen at constant pressure 
and temperature t amounts to 

68,496 c — 7°7° 4, Product liquid, 
when liquid water at the temperature t is formed ; 
(8) The thermal effect on formation of t gram-molecule of water 
Jrom oxygen and hydrogen at constant pressure and 
temperature t amounts to 
57,904 c+ 1°65°%, Product gaseous, 
when water vapour is formed at the temperature t. 
ipa Oo 
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(4) The heat of formation of Aydrogen peroxide was 
determined by measuring the thermal effect of its reduction in 
aqueous solution by means of stannous chloride. ‘The reaction 
is very vigorous, and is accompanied by a thermal effect of 
88,820 c for each gram-molecule of hydrogen peroxide. ‘Thus 
we find that hydrogen peroxide loses one of its atoms of 
oxygen and is converted into water with a /eat-evolution of 
23,059 c per gram-molecule, and that consequently the thermal 
effect on formation of hydrogen peroxide by the oxidation of 
water must be negative, namely— 

(77,0, 0, Aq) = — 23,059 c. 

This negative character explains, on the one hand, why it is 
that water cannot be directly oxidized to hydrogen peroxide 
by means of free oxygen, and, on the other, why an aqueous 
solution of the peroxide is so easily decomposed, since the 
decomposition is attended by a considerable evolution of heat ; 
hydrogen peroxide therefore acts as a very strong oxidizing 
agent. 

If we add the heat of formation of water, namely 68,357 c, 
to the preceding number we obtain the Aeat of formation of 
1 gram-molecule of hydrogen peroxide in aqueous solution. 

(7, O) + (420, O, Ag) = (Hr, Ox, AZ) = +45,298 c. 

(c) Hydrogen sulphide-—Sulphur occurs in several allotropic 
modifications, which differ amongst themselves in the amount 
of energy they contain ; whence it follows that the conversion 
from one state into the other is accompanied by a thermal 
change. 

It is therefore of the utmost importance, in comparing the 
heats of formation of the different compounds of sulphur, that 
we should always start with the sulphur in the same condition. 
Amongst the various allotropic modifications the rhombic 
undoubtedly appears to be the stable form, and it is, moreover, 
the one in which the sulphur can most easily be obtained, and 
with always the same properties. I have consequently chosen 
rhombic sulphur as the starting-point for my measurements. 
By burning sulphur in oxygen the heat of formation of sulphur 
dioxide can be determined directly, and the burning of hydrogen 
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sulphide in oxygen provides us with material for an indirect 
determination of the heat of formation of hydrogen sulphide, It 
is, of course, necessary in these determinations to allow for the 
small amount of the trioxide which is always formed when 
sulphur is burned. ‘The experiments which were undertaken 
for the estimation of the heat of combustion of hydrogen 
sulphide are described in detail in Zherm. Unters., vol. iv. 
pp. 184-189. ‘There we find that the heat of combustion of 
gram-molecule of H,S amounts to 136,710 c. ‘This magnitude 
is naturally equal to the difference between the heats of com- 
bustion of the elements and the heat of formation of hydrogen 
sulphide, so that 


(A, 0) + (S; O02) cis (Zh, S) aa 136,710 Cc. 


For the heat of formation of sulphur dioxide from rhombic 
sulphur I have found 71,080 c (see below), and the heat of 
combustion of hydrogen has already been given as 68,360 c ; 
from which it follows that 

(27, S) = 2730 ¢ 
is the heat of formation of 1 gram-molecule of hydrogen sulphide 
Srom rhombic sulphur. 

Ten years ago I had attempted to determine this magnitude 
by the action of hydrogen sulphide upon an aqueous solution 
of iodine in hydriodic acid; sulphur and hydriodic acid were 
hereby formed ; but the sulphur was precipitated in a soff, 
amorphous condition, and the calculation led to a heat of 
formation of 4740 c for 1 gram-molecule of hydrogen sulphide. 
This is of interest, inasmuch as it gives us the magnitude of 
the thermal effect corresponding to the conversion of amorphous 
into crystalline, rhombic sulphur; for the latter will be the 
difference between the values 4740 c and 2730 c, or 2010 c 
for every 32 grams of sulphur. 

The thermal effect due to the absorption of hydrogen 
sulphide in water was found by direct measurement to be 


(HS, Aq) = 4560 ¢, 
from which it follows that 
(A, S, Ag) = 7290 ¢. 
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(2) A comparison between the heats of formation of hydrogen 
chloride and of hydrogen todide with those of water and of — 
hydrogen sulphide shows the following interesting relation :— 


(775, Cla, Ag) = 75,0300 1 (fe, keto) = Aa tao ic 


(Ay O, Ag) = 68,360 | (Hy 0) = 58,003 | at a69 


Diterenus + 10,270 “a hicenne— 13,915 ¢c 


or in words: In aqueous solution chlorine has a greater — 
affinity for hydrogen than has an equivalent amount of oxygen ; _ 
chlorine, therefore, in aqueous solution, will decompose water. 
Conversely, oxygen will decompose dry hydrogen chloride at 
100° with the formation of free chlorine and water vapour ; 
this property is the basis of what is known as the Deacon | 
process for the preparation of free chlorine from hydrogen 
chloride and atmospheric air. Both processes take place with 
a large evolution of heat. : 

A precisely similar relation holds between hydrogen iodide ~ 
and hydrogen sulphide, namely— 


(ZZ, Ze, Ag) 26,342 1¢ (Zi, %) = —t2,o0721¢ 
A» S; an) = 71290 (Ay 5S) = + 2,730 


A ii hoe 


Difference a 19,052 c Difeseaces: 14,802 c 


or in words: In aqueous solution iodine has a stronger — 
affinity for hydrogen than has sulphur; consequently, iodine 
will decompose an aqueous solution of hydrogen sulphide ; but 
the xeverse process is known to occur when there is no water 
present, for then gaseous hydrogen iodide is decomposed by — 
sulphur with the formation of free iodine and hydrogen sulphide. 
Both processes are attended by an evolution of heat. 

These examples also show how the chemical action between 
two substances can change completely in character according to 
whether the reaction takes place in aqueous solution or between the 
substances in the dry state. 


38. Ammonia and Hydroxylamine. 


(a) Ammonia.—The heat of formation of this compound is 
derived from a knowledge of the thermal effect due to the com- 
bustion of dry ammonia gas in oxygen, and of the weight of 
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water formed therefrom. In eight experiments there were 
formed in all 34°35 grams of water, corresponding to the 
combustion of approximately 28 litres of gaseous ammonia. 
The heat of combustion per gram-molecule of ammonia was 
equal to 90,648 c, and in calculating the results of the experi- 
ments it was, of course, necessary to take into account the 
small amount of nitric acid always formed in the combustion. 
By the combustion of 1 gram-molecule of NH, = gram- 
molecules of water are formed, and the process may be 
expressed as 
(NH, 30) = 90,648¢ = (H,, 0)—(N, H,); 


3? 2 
but since the heat of combustion of hydrogen, as has been 
previously stated, amounts to 68,360 c per gram-molecule, the 
heat of formation of ammonia will be 
. (NV, i) = 9138906. 

The heat of absorption of 1 gram-molecule of ammonia gas 
in approximately 200 gram-molecules of water has been found 
to be 

(WH,, Aq) = 8435 ¢, 
from which we obtain for the formation of ammonia in aqueous 
solution 
(WV, 7, Ag) = 20,325 c. 

(6) Hydroxylamine.—In the course of investigating the 
behaviour of hydroxylamine towards oxidizing agents in 
aqueous solution I resolved to carry out oxidation experiments 
with silver oxide, which not only acts quickly but also gives 
constant results. The products of the reaction were care- 
fully examined, and it was found that hydroxylamine on oxidation 
with silver oxide gives rise to nitrogen, nitrous oxide, and water, 
in the following proportions :— 


4NH,O + O, = N, + N,O + 6H,0. 


The oxidation was carried out in such a manner that an 
-aqueous solution containing 2 molecules of hydroxylamine 
nitrate (NH,O.HNO,) and 3 molecules of silver nitrate were 
mixed with an aqueous solution of ammonia, so that after the 
reaction the liquid contained one-sixth of the total amount of 
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‘ 
ammonia in the free state, the remainder being in combina- 
tion with the nitric acid. ‘The reaction takes place imme- 
diately after mixing the two liquids in the calorimeter, and 
is completed in the course of a few seconds. From the 
observed thermal effect, namely, 82,608 c for each gram-molecule 
of hydroxylamine, we can calculate the heat of formation of 

hydroxylamine in aqueous solution, thus— ; 

(XV, IT, 0, AQ) = 24,290C. 

At the same time I also determined the heat of neutrali- 
zation ; which for 2 gram-molecules of hydroxylamine amounts 
to 21,580, 18,520, and 18,840 c respectively for sulphuric, 
hydrochloric, and nitric acids. 

(c) The halogen acids and sulphuretted hydrogen unite 
directly with ammonia. ‘The thermal effect of this reaction 
can be easily calculated in the following manner from the 
numbers already given: To take an example; an aqueous 
solution of ammonium chloride can be formed in two ways: 
eithey 1 gram-molecule of HCl and 1 gram-molecule of 
NH, are first allowed to unite directly, and the resulting 
compound is subsequently dissolved in water; or 1 gram- 
molecule of HCl and 1 gram-molecule of NH, are first 
separately dissolved in water, and then the neutralization 1s 
effected by mixing the solutions formed. But since the 
initial and final states of the reacting substances are the same 
in each process, it naturally follows that the sum of the 
thermal effects in the two cases will also be equal (see page 9). 
We can express this in the form of an equation— 

VIECL sg) | = (NH Ag+(HICl, Aq)+(NH.Ag, HCLAd). 

By means of the values already mentioned we obtain— 


Q= cl Br I SH 
(VA, Aq) 8,435 ¢ 8,435 ¢ 8,435 ¢ 8,435 ¢ 
(QOH, Aq) 17,314 19,936 19,207 4,560 
(NVH,Aq, OKAQ) 12,270 12,270 12,270 6,196 
—(NA,Q, Ag) 3,880 4,380 3,550 3,250 
* (WH, Q/7) 41,899 c | 45,021c | 43,462c | 22,441 c 
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Thus the thermal effect due to the direct union of the gaseous 
hydrides of chlorine, bromine, and iodine with gaseous ammonia 
to form solid substances is very large and does not vary much, 
the mean value being 43,460 c per gram-molecule ; in the case 
of hydrogen sulphide the formation of NH,.SH produces only 
about half the amount of heat. 

If to these numbers we add the thermal effect due to the 
formation of 1 gram-molecule of NH; and of respectively 
I gram-molecule of HCl, HBr, HI, or H,.S, we obtain the 
heats of formation of the corresponding four compounds from 
their respective elements. The values are as follows :— 


(VH;, HCL) = 41,899 € | (NV, H,, Cl) = 75,787 ¢ 
(VA;, HBr) = 45,021 (A, A, Dir) = Gy 340 
(NH, H,S) = 22,441 | (YN, 4, S) = 37,058 


Thus the formation from their elements of the three analo- 
gous salts, the chloride, bromide, and iodide of ammonium, 
produces very unequal thermal values. 


4, Hydrocarbons. 


The heats of formation of the hydrocarbons are derived 
from their heats of combustion; and since the products are 
carbon dioxide and water, the values are calculated by means of 
the following equation :— 


Ff. CyHy, = a (CO;) + (Hy O)—(Cu Hn), 


where the function / expresses the heat of combustion of the 
substance. The heat of formation is consequently the differ- 
ence between the heats of combustion of the elements and that 
of the compound formed. 

Carbon, as is well known, forms a very large number of 
hydrogen compounds, of which the majority belong to the 
group of organic substances, and these will be described in 
detail in a subsequent chapter. Here I shall mention only the 
experimental results with respect to the first member of some 
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of the most characteristic groups of homologous hydrocarbons, 
namely, methane and ethane, ethylene, acetylene, and benzene. 

The heats of combustion of these five hydrocarbons are as 
follows :— 


Methane’ . .. CH, 222,940 


Ethane. . . C,H, 370,440 
Ethylene . . C,H, 322.350 
Acetylene. . C,H, 310,050 


Benzene . . C,H, 799,350, for vapour at 18° 


If now we put the heat of combustion of hydrogen as equal 
to 68,360 c and that of carbon equal to 96,960 c, we obtain the 
heat of formation at constant pressure of 


(C, H,) = 21,750C 
(Ca, dig) = 28,560 


(Ci, H,) = — 2,710 
(C,,"F2) = — 47,770 
(C;, 444) = —12,510, for vapour at 18° 


Judging from these figures it would appear that carbon 
has only a very small affinity for hydrogen, and this agrees 
with the experience that a direct combination can only take 
place when carbon and hydrogen are acted upon by the 
energy of the electric arc;' by this process acetylene is 
formed, the heat of formation of which is strongly negative. 
We cannot, however, draw any conclusion from these numbers 
with reference to the affinity relations of carbon and hydrogen, 
for carbon is a solid body, whilst the hydrocarbons are gases, 
so that a part of the energy must be used up in transforming 
the carbon from the amorphous to the gaseous state, and, as a 
result of this consumption of energy, the calculated heat of 
formation falls appreciably lower than it would do if the carbon 
had been in a gaseous condition before the reaction took 
place. ‘That the consumption of energy due to the conversion 


‘ Note by translator: Recent experiments by Bone (Zyvams. Chem. 
Soc., 1897, 41 and 1901, 1042) have shown that union takes place at a red 
heat, and that equilibrium is established between CH,, C,H,, and Hy. 
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of carbon from the amorphous to the gaseous state is very con- 
siderable, namely, 38,380c for 1 gram-atom of amorphous 
carbon, will be shown in the chapter on organic substances. 


B.—Oxycren CompounDs OF THE NON-METALS. 
1. Oxides and Acids of Chlorine, Bromine, and Iodine. 


(a) Hypochlorous acid—The heat of formation of hypo- 
chlorous.acid in aqueous solution has been determined in two 
ways: partly by the action of chlorine upon an aqueous solution 
of potassium hydroxide, by which means a hypochlorite 1s 
formed, and partly by acting upon hydrogen iodide with hypo- 
chlorous acid in aqueous solution, when the acid is decomposed 
with the formation of iodine, water, and hydrogen chloride. 
Both methods give concordant results, namely, 29,973 ¢ and 
29,895 c for the formation of r gram-molecule of hypochlorous 
acid in aqueous solution ; thus— 


(4, CZ, O, Ag) = 29,934¢. 


The heat of absorption of the anhydride, Cl,O, was 
measured directly by passing the gas into water. The gas 
was prepared by passing dry chlorine through a gas-tube, three 
metres in length, filled with mercuric oxide, from which the 
gas was led directly into the calorimeter. ‘The amount of gas 
absorbed was estimated by titration of the solution formed with 
stannous chloride and potassium permanganate. The result 
was— 

(CZ,0, Ag) = 9440. 
Now, since 
a(H, CL O, Aq) = (C4, O) + (A, O) +(CZ0, Ag), 
we obtain the heat of formation of the anhydride ClO, 
(Ch, O) = —17,929¢ 
(C2, —; Aq) = — 8,489 Cc. 

Thus the heat of formation is egative, which is in agree- 
ment with the known properties of the substance; for it 
cannot be formed directly, and is readily decomposed by a 
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slight rise of temperature, with explosive violence and a 
great evolution of heat, into chlorine and oxygen. On the 
other hand, it is easily formed by the action of chlorine 
upon hydroxides, by acting upon an aqueous solution of the 
alkalies, or in the reaction with different oxides in the dry 
state, mercuric oxide being usually preferred. In this case 
the reaction is 


(Leg, CZ,) + (CZ, O) _ (Ze, O) = R, 
and as 
(Hg, CZ.) = (Hg, O) = 32,490C 


the heat of reaction will be positive, since 
R = 32,490C — 17,929 c = 14,561. 


The HgCl, formed unites at the same time with ,the 
undecomposed HgO to give an oxychloride, whereby the 
heat-evolution is still further augmented. In this method of 
preparing Cl,O care must be taken not to have too rapid a 
stream of chlorine; for otherwise the temperature will rise 
sufficiently to decompose the Cl,O formed into chlorine 
and oxygen. 

(2) Chloric acid.—The heat of formation of chloric acid 
can also be determined, either in solution or with the dry 
substances ; namely, by the decomposition by heat of potas- 
sium chlorate, or by the action of chloric acid upon sulphurous 
acid in aqueous solution. For potassium chlorate is decom- 
posed with the utmost ease by feeble heating, and with an 
evolution of heat which is sufficient to make the whole mass 
glow when potassium chlorate, first melted and then finely pul- 
verized, is mixed with dehydrated ferric oxide, and warmed. 
The evolution of heat on decomposition of the dry chlorate 
into potassium chloride and oxygen amounts to 9713 c, or 


(KCl, O;) = —9713¢. 
From this the heat of formation (//, CZ, O;, Ag) is calcu- 


lated as 23,988 c, whilst the reduction in solution leads to a 
result of 23,893 c for the same process ; we consequently have 


(ZZ, Cl, Os, Ag) = 23,940 c, 
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whence we can derive in the same manner— 
(Cl,, O;, Ag) = — 20,480 c. 


The thermal effect on formation of Cl,O; must therefore 
be strongly negative, namely more so than — 20,480 ¢, since 
this value, which refers to the formation of the substance in 
aqueous solution, includes also the heat of solution of the 
anhydride. 

(c) The dynamics of chemical processes comprise two principles 
of considerable importance, namely, the “ Right of the stronger,” 
and the “ Maintenance of the status quo.” The first of these is 
usually exhibited in a striving after the saturation of the strongest 
affinities, the second in a reststance to any change of molecular 
configuration. 

Amongst the manifold examples which serve to illustrate 
the extent to which these fundamental laws assert themselves 
throughout the course of chemical processes may be mentioned 
the relation between chlorine and potassium hydroxide in aqueous 
solution under varying external conditions, ‘The reaction always 
involves 2 molecules of KOH for each molecule of chlorine. 
At a ow temperature, produced by cooling the solution, yfo- 
chlorous acid is formed; at higher temperatures chloric acid is 
produced ; and, finally, the addition of a little cobaltic oxide to 
the solution causes the liberation of oxygen in the free state. 
These three modes of decomposition can be expressed by the 
following equations, to which the heat of reaction for 3 gram- 
molecules of chlorine has been appended :— 


KOH KOCI 

ae OHt 3CICl = Seog + 3KCl = 73,855 ¢ 
ac Ont 3CICl = 3HOH + sKCl + KCIO, = 97,945 
Seon 3CICl = 3HOH + 6KCI+ 0; = = 113,315 


Thus in the frs¢ reaction the form of the molecule, ROH, 
is preserved ; in the second reaction only half of the molecules 
retain the formula ROH, but the remainder of the oxygen, 
however, takes part in the formation of the molecule KCIO, ; 
in the ¢Aixd reaction, on the other hand, half of the total 
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oxygen is liberated in the free state. In these three reactions 
the thermal effect rises from 73,855 to 97,945 c, and finally 
reaches 113,315 Cc, which is in complete accordance with the 
first principle mentioned above. 

Similar relations to these play an exceedingly important 
part in the action of various oxidizing and reducing agents on 
organic substances, I shall refer to these in greater detail 
later on. 

(2) Hypobromous and bromic acids —The heat of formation 
of hypobromous acid in aqueous solution is derived from 
observations on the action of bromine vapour or bromine 
water upon an aqueous solution of potassium hydroxide. The 
result is as follows :— 


(Hf, Br, O, Aq) = 26,682 c 
(27, OP jays 0; Aq) = 29,963 


The last reaction is in complete agreement with the forma- 
tion of hypochlorous acid in aqueous solution, for which 
reaction we found above— 


(ZZ, Cl, O, Ag) = 29,934 ¢ 


from which it follows ¢hat an equal thermal effect is produced on 
Sormation of hypochlorous and of hypobromous acids in aqueous 
solution, provided that both the chlorine and the bromine react in 
the gaseous state. 
We can also, in the usual manner, deduce the thermal 
effect of the following processes :— 
(Br, O, Ag) = — 14,993 € 
(Brega, O, Ag) = — 8,431; 


the last number, in accordance with the statement above, will, 
of course, be equal to the corresponding value for chlorine, 
namely — 8489 c. 

The heat of formation of dromic acid is derived from the 
thermal effect of the reduction of bromic acid by means of 
stannous chloride in aqueous solution, and is equal to 


(H, Br, O;, Ag) = 12,416 ¢ 
(Br, Os, Ag) = — 43,525. 
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The thermal value for each gram-atom of bromine is 
115,24 c lower than for a gram-atom of chlorine in the corre- 
sponding reaction, which is approximately the same difference 
that was found between the heats of formation of hydrochloric 
and hydrobromic acids in aqueous solution, namely 10,935 c. 

(e) Lodic and periodic acids —The heat of formation of 
todic acid is determined in two ways, namely, by the reduction 
of iodic acid by means of hydriodic acid in aqueous solution 
according to the equation— 


HIO; + 5HI = 31, + 3H,0; 


as well as by the oxzdation of hydriodic acid with hypochlorous 
acid in aqueous solution according to the equation— 


Hi 2 aco = 110, - srcl. 


Both these reactions are accompanied by a great evolution 
of heat, 83,332 c and 70,682 c respectively ; and, calculating 
from these numbers, we obtain 55,884 c and 55,710 c as the 
heat of formation of todic acid in aqueous solution, or, as a mean 
value— 


(77, L, Ox Ag) = 55,797 ©. 
From the /eats of solution of the acid and of the anhydride, 


(Z770;, Ag) = —2166 c 
(1,05, Ag) = ~1792, 


and from the heat of formation of iodic acid in aqueous 
solution we obtain the values— 


(,, Os) = 45,029 c 
(L,0;, 4,0) = 2,540 
(4, Z, Os) = 57,963 


which are the heats of formation of todic anhydride and of 
crystalline todic acid, as well as the heat of hydration of todic 
anhydride. 

(f) The heat of formation of periodic acid is calculated from 
the thermal effect of its reduction to hydriodic acid in aqueous 
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solution by means of stannous chloride, with the following 
result :— 
(H;, , O;, Ag) = 184,400 c 
(H, I, O, Ag) = 47,680 
(Loy O;, Aq) = 27,000 


The heat of solution of crystalline periodic acid was found to 
be —1380 c, so that the heat of formation will be 


(/7;, /, Os) = 185,780 c 
(7,10, Aq) = — 1,380 


(g) Zhe densities or molecular volumes of aqueous solutions 
of pertodic and todic acids have been determined over a dilution 
of from ro to 320 gram-molecules of water for rt gram- 
molecule of acid. For periodic acid at 17° the result was as 
follows :— 


H,10, + 27,0. 
a at sk ena eo eo 
20 14008 588 419°77 360 59°77 
40 1°2165 948 779° 30 720 59°30 
So I°1121 1668 1499°9 1440 590°9 
160 1°0570 3108 2940°2 2880 60°2 


320 1°0288 5988 5820°2 5760 | 60°0 


The last column shows that there is a constant difference, 
namely 59°8 c.c., between the molecular volume of the solution 
and the volume of the water of which it is composed, so that 
the volume of the solution can be expressed by the equation— 


R, = 18% + 59°'8, 
and the density of the solution will be 
By 187 + 228 

‘a = 18" + 598 


an equation which gives an accurate value of the density up 
to the fourth decimal place; for 228 is the gram-molecular 
weight of H;IO,, whilst 59°8 c.c. is the volume occupied by rt 
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gram-molecule in aqueous solution. Zhus on dilution of a 
solution of periodic acid no contraction is found to take place. 

Lodie acid shows somewhat different properties, as will be 
seen from the following table :— 


HIO, + nH,0. 


si olecular Tolecula ne of 5 oe 
A Oaaaa Wh Sashes | eee Ve eee | ea 
if) 16609 356 214°34 180 34°34 
20 1°3Q60 536 392°37 360 32°37 
40 11945 896 750°09 720 30°09 
So 11004 1616 1468'5 1440 28°5 
160 1'O512 3056 2907 °2 2880 PAD 
320 1°0258 5936 5786'8 5760 26°8 


The difference between the molecular volume of the 
solution and the volume of the water contained in it is there- 
fore not a constant for iodic acid, since there is a decrease of 
the former with increasing amounts of water; from this it is 
evident that dilution with water causes a contraction, as was 
also found to be the case with nearly all the substances investi- 
gated (see p. 139 e¢ seg.). The molecular volume can be 
calculated from the equation— 


R, = 18.2 + 391 - rer Leis 
For z = 0, &, will be equal to 39'1 c.c., which therefore corre- 
sponds to the maximum volume that 1 gram-molecule of iodic 
acid can occupy in aqueous solution. On dilution of the 
solution a contraction occurs, in consequence of which the 
difference in volume gradually decreases until it reaches 26 cc. 
(h) Lodine has a positive affinity for oxygen, and in this 
differs completely from bromine and chlorine. With reference to 
the affinity for the three halogens of all the other elements which 
have been investigated, as, for instance, hydrogen, the metals, 
carbon, etc., we find that it is greatest for chlorine, less for 
bromine, and least of all for iodine; oxygen alone forms an 
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exception ; for whilst the affinity of oxygen for chlorine is 
negative, and for bromine still more negative, the affinity 
between oxygen and todine is strongly positive. 

The numerical results of the above-mentioned reactions are 
as follows :— 


(CZ, Os, Ag) = —20,480 ¢ 
(Lr, Os, Ag) = — 43,520 
(/ Os, Ag) = +43,240, 


that is to say, when 2 gram-molecules of the three acids are 
formed in aqueous solution by the union of chlorine, bromine, 
or iodine, with oxygen, the thermal effect is negative for 
chlorine, still more negative for bromine, but strongly positive 
for iodine. ‘This difference in property is evident from the 
following comparison :— 


R. (A, R, Og, Aq). (A, R, Ag). | (HR Ag, Og). 
Cl 23,940 c 39,320 c —15,380 c 
Br 12,420 28, 380 — 15,960 
It 55,800 13,170 + 42,630 


The figures in column 4 represent the difference between 
those in columns 2 and 3, and they consequently show that the 
formation of the acids by the oxidation of the corresponding 
hydrides in aqueous solution produces an absorption of approxi- 
mately 15,670 c in the case of chlorine and bromine, whilst the 
oxidation of hydriodic to iodic acid is accompanied by an 
evolution of 42,630c. Thus the heats of oxidation of hydro- 
chloric and hydrobromic acids are approximately equal to one 
another and are negative, but the heat of oxidation of hydriodic 
to iodic acid is some 58,300 c¢ greater than was the case with 
the two other halides. 

The potassium salts of these three acids are known to be 
decomposed on heating to form oxygen and the chloride, 
bromide, or iodide of potassium respectively. The thermal 
effects are— 
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R (K, R)-(K, R, 03) = —(KR, Os). 
il 105,610 c — 95,840c = + 9,970¢ 
Br 95,310 — 84,002 = +11,248 
I 80,130 —124,489 = —44,359 


Thus potassium chlorate and potassium bromate are 
decomposed to oxygen and the respective chloride and 
bromide with a large evolution of heat (see preceding table), 
whilst the decomposition of potassium iodate is accompanied 
by a considerable absorption of heat. 

These results all tend to show that the affinity of todine for 
oxygen is strongly positive, which was already apparent from the 
well-known fact that iodic acid can be formed by the oxidation 
of iodine with strong nitric acid, as well as by the ease with 
which potassium iodate is formed on heating potassium chlorate 
with iodine. 

(i) Constitution of todic acid.—Whilst the iodine in hydriodic 
acid and in most other compounds behaves precisely similarly 
to chlorine and bromine in the corresponding cases, yet never- 
theless the constitution of iodic acid must, from the above- 
mentioned facts, be of an entirely different character from that 
of bromic and chloric acids. The facility with which iodic 
acid is converted into the anhydride suggests that it is not of a 
monobasic character ; furthermore, iodic acid forms acid salts, 
whilst this is not the case with chloric and bromic acids ; and 
when we remember that the majority of the iodates, with the 
exception of those of the alkali metals, are sparingly soluble, 
whilst the monobasic acids, such as bromic, chloric, nitric, 
phosphorous, acetic, etc., form almost exclusively soluble salts, 
it seems in the highest degree probable that zodic acid is dibasic 
with the molecular formula H,I.O,. 

Also, if we regard the double molecule of iodic acid as 
dibasic, there will then be a great similarity to periodic acid, 
proved by my researches (see p. 103) to be dibasic, and which 
also forms characteristic acid salts. 


TP iCy iE 
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2. Oxides and Acids of Sulphur. 


(a) Sulphur dioxide.—A knowledge of the heat of combustion 
of rhombic sulphur is essential to the determination of the heat 
phenomena on formation of the oxides and acids of sulphur. 
To prepare it, sulphur is crystallized from a solution of carbon 
disulphide, separated from any adherent solution at the filter 
pump, and finally exposed to a current of air at 95° for about 
six hours in order to remove the last traces of carbon disul- 
phide. ‘The resulting product consists of small, transparent 
rhombic crystals. ‘The combustion was carried out in pure dry 
oxygen, and the weight of the sulphur burned as well as that 
of the product formed was determined; as is well known, a 
little sulphur trioxide is always formed at the same time as the 
dioxide. Calculating from the weight of sulphur used, which 
in three experiments amounted to 8’o0g grams, we find a heat 
of combustion of 71,080 c; calculating from the products, one 
of 71,113.c. I regard the first number as the more accurate, 
since a determination of the products of combustion is always 
attended by some uncertainty, and prefer the value— 


(S, O,) = 71,080 c for rhombic sulphur. 


I have also determined the heat of combustion of freshly 
prepared monoclinic sulphur, and found 


(S, O,) = 71,720 c for monoclinic sulphur. 


Monoclinic sulphur, therefore, has a greater heat of com- 
bustion than rhombic, and this agrees with the fact that the 
monoclinic variety is converted into the rhombic with evolution 
of heat. 

The heat of absorption of gaseous SO,, and similarly also 
the feat of solution of liquid SO., was measured at the same 
temperature, approximately 19° C. In the former experiments 
19459 grams of gaseous SO, were absorbed, 250 gram-mole- 
cules of water being used for each gram-molecule of SO, ; in 
the latter, 22°42 grams of liquid SO, were dissolved in an 
amount of water equal to 300 gram-molecules for each gram- 
molecule of SO,. The last-mentioned experiments were carried 
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out in the following manner. A tube of known capacity, 
containing the liquified SO,, was drawn out to a fine point 
and placed in the water of the calorimeter with the point down- 
wards. When the temperature had adjusted itself, and the 
thermometer had been read, the point of the tube was broken 
off by gentle pressure on the bottom of the calorimeter, and 
the liquid SO, flowed out into the water and was absorbed. 
The following were the experimental results :— 


(SO,, 4g) = 7700 ¢ for the absorption of gaseous SO, 
|.SO,, Ag] = 1500 ¢c for the solution of liquid SO,,. 


The difference between these two numbers amounts to 6200 c¢, 
and corresponds to the heat of vaporization of 1 gram-molecule 
of liquid SO, at 19° ; whence it follows that the thermal effect 
on formation of the Zguid dioxide from its elements is 


|S, O,] = 77,280 c for rhombic sulphur. 


(2) Sulphuric acid and sulphur trioxide-—Aqueous sulphur- 
ous acid was oxidized with pure, dry chlorine in a platinum 
flask, of about 14 litre capacity, which was placed in the calori- 
meter. Owing to the very large amount of heat evolved it is 
not advisable that the sulphurous acid solution should contain 
more than two parts of the anhydride in a thousand. The 
progress of the reaction is determined by precipitating the 
hydrochloric acid formed with silver nitrate and weighing 
the silver chloride formed. ‘The result of the experiments 
was— 

(SO,Aq: Ch) =(SO,Aq, O)+2(4, Cl, Ag) —(A, O)=73,907 ¢. 
From this number, and the known values for the heat of 


solution of sulphur dioxide, and also of the heats of formation 
of hydrochloric acid and water, it follows that 


(SO,Aq, O) = 63,634 
(SO., O, Ag) = 71,334, 
and since (.S, O,) is equal to 71,080 c, we obtain 
GS, 03,49) = T4e4tge 
as the thermal effect on formation of an aqueous solution of 
sulphuric acid from its eements. Tf, finally, we subtract from 


ia 
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this value the heat of solution of liquid sulphuric anhydride 
(see p. 47), 
(SO, Ag) = 39,170 ¢ for the liquid anhydride, 


we arrive at the heat of formation of sulphuric anhydride itself, 
(.S, O;) = 103,240 ¢ for the liquid anhydride, 


whilst for the formation of liquid sulphur dioxide we found 
above, 


[.S, O.| = 77,280 c for the liquid anhydride. 


The compounds considered above were both in the liquid 
condition ; but sulphur itself is a solid body, it is therefore 
advisable, for purpose of comparison, to calculate the thermal 
effect starting from molten sulphur, and at constant volume. 
This is done by adding on the heat of fusion of sulphur, which 
according to Person is 300 c, and by subtracting an amount of 
heat equal to 580 c for each gram-molecule of gas which enters _ 
into the compound ; we then have :— 


Trioxide. Dioxide. 
Heat of formation Aa oe Oe ats 103,240 c 77,280 C 
,, fusion of 32 grams of sulphur . + 300 + 300 
Reduction to constant volume . . . —870 — 580 
Sim ss 102,670 c 77,000 ¢ 
or. . . 4X 25,668c 3X 25,667c 2m 


Thus we see that the Aeats of formation of the trioxide and : 
dioxide are tn the exact ratio of 4:3. Similar simple relations 
are frequently found to exist between the heats of formation of 
the different oxides of one and the same substance. 

The heat of formation of swdphuric acid, H.SO,, is found 
from the numbers already given to be 


(Hy S, O,) = (S, O) + (ZG, O) + (SOs 20) 
192,920 C = 103,240 C + 68,360 c + 21,320C. h 


(c) Sulphurous acid.—The heat of formation was determin | 
by oxidation of the sodium salt with hypochlorous acid i 
aqueous solution, whereby sodium sulphate, sodium chlorid 
sulphuric acid, and hydrochloric acid were formed. T 
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reaction is rapid, and gives satisfactory results. From the 
thermal effect of the process 
(Na,S,0,;A¢ : 447C7O) = 251,624 ¢, 
we can calculate the heat of formation 
(S2, O., 4g = 69,470 ¢ 
(Zh, S., O;, Ag) = 137,830 
The heat of formation of dithionic acid is deduced from the 
thermal effect due to the decomposition by heat of the 
potassium salt into potassium sulphate and sulphur dioxide. 
This experiment shows that the decomposition is not attended 
by any measurable thermal change, and that consequently 
(X3, S, O,) “f: (S, O:) = (A,, So, Os). 
From this we calculate that 
(S:, O;, Ag) = 211,080 ¢c 
(Fhe, Se, Os; 49) = 279,440 
The heat of formation of ¢efrathionic acid is derived from 
the thermal effect on oxidation of sodium thiosulphate with 


iodine in aqueous solution, when sodium tetrathionate and 
sodium iodide are formed. ‘The value is— 


(2NVa,S,0;A9 : 4) = 7954 ¢; 
from which we calculate that 


(Sa Oy Aq). = 192;430.¢ 
(ix Sa On, Ag) = 206,790 


(2) The sulphur acids have therefore the following heats of 
formation :— 

(S, 0, Ag) = 78,780c¢ (4, S, Oj; 4g) = 147,140 ¢ 

(S2, O., Ag) = 69,470 (Ay, Sx, Os, Ag) = 137,830 

(Sy, O,, Ag) = 211,080 (27, Sy On Ag) = 279,440 

(Si, Os, Ag) = 192,430 = (Af, Sty Os, AQ) = 260,790 

(S, O;, Aq) = 142,410 (71, S, O,, Aq) = 210,770 


These values demonstrate that the affinity of sulphur for 
oxygen is very great. It is also interesting to note that there 
is a difference of 9310 c between the heats of formation of 
sulphurous and of thiosulphuric acids in aqueous solution, 
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whilst the difference in the case of dithionic and tetrathionic 
acids is 18,650 c, that is, double as great; in the first instance 
1 gram-atom of sulphur is taken up, in the second 2 gram- 
atoms, so that consequently the addition of sulphur is attended 
by a heat absorption of some 9320 ¢ for every gram-atom. 

It should also be remarked that the formation of dithionic 
from sulphurous acid, and of tetrathionic from thiosulphuric 
acid, are entirely analogous processes, namely— 


2S50,Aqg + O= S,0;Aqg 25,0,Ag + O = S,0;Aq 
and this process of oxidation corresponds to 


(250,49, O) = 53,520 ¢ 
(2.5,0,49, O) = 53,490 


The thermal effect is therefore precisely the same, which proves 
that the two processes are of a uniform character. 

Trithionic and pentathionic acids.—Since it has been shown 
above that the taking up of 1 gram-atom of sulphur involves a 
diminution of 9320 c in the thermal effect, we can, without 
direct experiment, predict the probable heats of formation of 
these two acids; for they must be 9320 c less than those of 
dithionic and tetrathionic acids respectively. We shall, by this 
means, have the following heats of formation for the four thionic 
acids in aqueous solution :— 


Dithionic acid . . . . (5; Os; 4g) = 211,080 ¢ 
Trithionic acid. . . . (Ss, O,, 4g) = 201,760 
Tetrathionic acid . . . (Sy O;, Ag) = 192,430 
Pentathionic acid . . . (S;, O;, Ag) = 183,110 


For further comparative details see Table 18. 


3. Oxygen Compounds of Selenium and Tellurium. 


(a) Selenious acid—A solution of selenium dioxide in 
hydrochloric acid is reduced by sodium hydrosulphide in the 
following manner :— 


SeO, + 2HCl + 2NaSH = 2NaCl + 2H,O + Se +S, 
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The thermal effect of this process was measured, and 

amounted to 73,398 c; from which we calculate that 
(Se, Os, Ag) = 56,336 c. 

Some twelve years later I controlled the accuracy of this 
value by the direct measurement of the heat of formation of 
SeCl, (46,156 c) and of the thermal effect on decomposition 
of the chloride with water (30,370 c). In this decomposition 
hydrochloric and selenious acids are formed, and their heats of 
formation can therefore be derived from the numbers given by 
means of the equation— 

(SeCZ,: Ag) = 4(H, Cl, Aq) —2(Z, O) —(Se, CZ,) + (Se, 0.49) 

30,370 C = 157,260c—136,720c— 46,156 + (Se, O,, Ag) 
from which it is found that 

(Se, Oz, Aq) ss 55986 Cc. 


The difference between this value and the one found above 
amounts only to 350 c; the agreement is therefore very satis- 
factory, when we remember that the two numbers were 
obtained by entirely different methods. I have adopted the 
mean value— 
(Sé¢, O2, Ag) = 56,161 ¢ 
as the heat of formation of selenious acid in aqueous solution, 
For the heat of solution of selenium dioxide | found 


(SeO,, Ag) = —918 ¢, 
whence it follows that the Aeat of formation is 
(Se, Oz) =57,079 c. for the crystalline anhydride. 


The negative heat of solution is in accordance with the 
fact that selenium dioxide, similarly to sulphur dioxide, does 
not form a hydrate when dissolved in water. 

(2) Selenic acid.—In aqueous solution selenious and hypo- 
chlorous acids react to form selenic and hydrochloric acids. 
The thermal effect produced is 29,882 c, whence it follows 
that 

(940,49, O) == 20,50r ¢ 
(Se, O;, Ag) = 76,662 
(A, Se, Oy, Ag) = 145,020 
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Now, since the feat of solution of liquid H.SeO, was deter- 
mined by Metzner (Compt. rendus, cxxiii. 998, Dec., 1896) as 
16,800 c, it follows that 

(72, Se, O,) = 128,220 ¢ for the liquid acid. 


Comparing this number with the one found above for the 
corresponding reaction, namely, the formation of liquid H.SO, 
from its elements, we arrive at the remarkable result that 

(#7, S, O,) = 192,920 ¢ = 3. 64,307 ¢] . . 
(a, Se ON Sayegh teen eee © for the liquid acids. 


The heats of formation of sulphuric and selenic acids are thus 
in the exact ratio of 3: 2, when the two acids are compared in 
the liquid condition. 

(c) Tellurous acid.—The heat of formation, similarly to 
that of selenious acid, is derived from the following measure- 
ments :— 

(Ze, Ch) = 77,377 € 
(7eC7, : Ag) = 20,345, 
that is, from the thermal effect due to the formation of the 
tetrachloride and of its subsequent decomposition by water ; 
the number 20,345 c applies to the complete decomposition. 
The calculated value is 


(72, 0, 2.0) = 747,776 c 
for the heat of formation of 1 gram-molecule of solid tellurous 
acid. 

(2) Telluric acid—Tellurous acid dissolves in dilute nitric 


or hydrochloric acids without appreciable thermal effect; the — 

process can therefore also be expressed as 
(Ze, Or, Aq) = 77,176 ©. 
On oxidation of the dissolved acid to the telluric state by 
means of potassium permanganate, an evolution of 39,837 c is 
produced ; and if we subtract therefrom the thermal effect due 
to the decomposition of the oxidizing agent (7.c. 18,632 c) we 

obtain— 

(720,49, O) = 23,205¢ 

(Te, O;, Ag) = 98,380 

(Hz, Te, Oy Ag) = 166,740 
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In the following table will be found a comparison of the 
three principal values representing the affinity of oxygen for 
Sulphur, selenium, and tellurium :— 


4p Sulphur. Selenium. Tellurium. 
(RX, O., Ag) | 78,780 c 56,160 c 77,180 c 
(A, Os, 4g) 142,410 76,660 98,380 
(20,49, 0) | 63,630 20,500 21,200 

| 


The first line shows that the affinity of selenium for oxygen is 
less than that of sulphur, and we should therefore expect that 
that of tellurium would be even smaller ; but, on the contrary, 
tellurium has a far greater affinity for oxygen than has selenium. 
This behaviour calls to mind the relation of oxyen to the 
halogens, for the affinity of bromine for oxygen is less than 
that of chlorine, whilst that of iodine is far greater. Similar 
relations are found in the P, As, S6 group, and from this it 
would appear that the first two members of each group, as, for 
example, Cl and Br, S and Se, P and As, resemble each other 
more closely than they do the third member of the series. 

The greatest difference between sulphur on the one hand, 
and selenium and tellurium on the other, is observed in the 
passage from the lower to the higher state of oxidation; for 
whilst the thermal effect due to the oxidation of sulphurous 
to sulphuric acid amounts to 63,630 c, a similar oxidation of 
selenious and tellurous acid produces only one-third of this 
value. 


4. Oxides and Acids of Nitrogen. 


(az) The determination of the heats of formation of the 
oxides and acids of nitrogen is based upon the following 
calorimetric researches :— 

a, Decomposition of ammonium nitrite by heating a con- 

centrated solution ; which decomposition is attended 
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by an evolution of 71,770 c, calculated for the 
anhydrous salt, thus 
—(N2, 24,0) = 71,770 ¢, 
from which it follows that 
(M,, Hi, O.) = 2(f, O) + (M2, 27,0) = 136,720 C— 71,770 C 
(M., H,, Os) = 64,950 c. 

8. Direct oxidation of 2 gram-molecules of NO by 1 gram- 
molecule of O, to form 1 gram-molecule of N,O,; 
the thermal effect calculated for the molecule N.O, in 
the non-dissociated state is 

(2/VO0, 0,) = 40,500 ¢. 

y. Thermal effect on solution of 1 gram-molecule of xov- 
dissociated NO, in water, for which reaction it was 
found that 

(N,0,, Ag) = 14,150 ©. 

5. Oxidation of an aqueous solution of N,O, by means of 
chlorine or potassium permanganate, which gives us 
the thermal effect of the reaction (/V,0,Aq, O), the 
values obtained being 18,277 c and 18,367 c respec- 
tively, or, as a mean value— 

(V,0,A¢, O) = 18,320 ¢, 

e. Thermal effect on combustion of hydrogen or carbon 
monoxide in mtrous oxide, from which the heat of 
formation of this oxide was calculated as —18,o1o c 
and — 17,470 c respectively ; as a mean value— 

(N,, O) = 17,740 ©. 

The heats of formation of the remaining oxygen compounds 
can then be deduced from the first four of the reactions 
described above in the following manner :— 

(2) Witric acid—By adding together the values found in 
reactions £8, y, and 8, we obtain the heat of formation of nitric 
acid from nitric oxide, oxygen, and water in aqueous solution ; 
thus 

(20, 0:) +(N.0, Ag) + (N,0,49, 0) = (2NO, 05, Ag), 


from which it follows that 
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(aNVO, O;, Ag) = 72,970 ¢; 
moreover, since . 
(20, O,, Ag) + (Hh, O) = 2(H, NO, O., Ag) 
we obtain 
(2, NO, O;; 42) = 76,668 ¢. 

(c) Litrous acid.—When the molecule N,Q, is dissolved in 
water we can assume the decomposition to take place in two 
ways, namely, either according to the equation— 

2N,0, + Aq = N,0O;Aq.t+ N.O,Aq. . (1) 
whereby nitric and nitrous acids are formed, or according to 
the equation— 

3N,0, + Aq = 2NO + 2N,0;Aq . . (2) 


That the last-named process, however, does not occur in 
dilute solution can be shown from the values obtained in £, y, 
and 6. For, in this case, since £ molecule of N,O, loses 1 
molecule of O, in oxidizing the remaining 2 molecules of N.O, 
to N,O,, the thermal effect would be expressed by the equation— 


3(4V.0,, Ag) = —(2V0, O;) + 2(4,0,, O, Ag) (3) 
But 
(V0, 0, Ag) = (NO, 4g) + (M0.49, O), 


and substituting this value in equation (3) we obtain 
(20, 0:) + (NiO, Aq) = 2(N,0,49, 0). (4) 


that is to say, B+ y= 28; but B+ y is equal to 54,650 c, 
whilst 26 is equal to 36,640 c; and since the equation is not 
satisfied, the assumption upon which it was based must be in- 
correct. Decomposition must therefore occur according to 
equation (1); in which 2 molecules of NO, are decomposed by 
water with the formation of N,O,;Aqg and N,O;Aq. We 
therefore have— 

2(2VO, O,) + 2(WV,0,, Ag) = (20,7 O, Aq) + (20, O;, Ag), 
or 2B + 2y = (20, O, Ag) + 72,970 ©, 


whence it follows that 
(20, O, Ag) = 36,330 c 
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and also 
(H, NO, O, Ag) = 52,345 ¢. 

(d) Nitric oxide, NO.—According to a the heat of formation 
of ammonium nitrite equals 64,950 c; from which it follows 
that on solution of the salt in water 
(M2, Hy O2) + (M10, Ag) = (N, Hy, Ag) + (4, N, O2, AQ) 

+ (NH,4q, HNO,AQ). 
If, in the equation above, we insert the following values :— 
(™,, iy O.) = 64,950 c 
(WN, H,, Ag) = 20,320 
(V,H,0,, Ag) = — 4,750 
(NH,Aqg, 1NO,Aq) = + 9,110 
we obtain the thermal effect corresponding to the unknown 
term, namely— 
(7, N, Ox Ag) = 30,779 ©. 
Moreover, since 
(1, N, Ox Ag) = (N, O) + (H, NO, O, Aq), 
and the last term of this equation was found above to equal 
52,345 c, we have as the Aeat of formation of nitric oxide— 
(MN, O) = — 21,575 ¢. 

(ce) The heats of formation of the oxides and acids of nitrogen 

can now be deduced from the thermal data already recorded— 


t Berthelot 


Reaction. Thermal effect. Remarks. 
(WV, O) = —17,740 ¢ 
(XN, O) = —21,575 


(NV, O.) = — 8,125 Completely dissociated. 

(WV, O,) = — 2,650 Non-dissociated. 
(NO, NO.) = 13,600 Heat of dissociation of N.O,. 
(M2, O3, Ag) = — meen | 
(Ma, Or Ag) = +29,820 Formation in aqueous solution. 


(Zi, N, On A) = 30,170) 
(7, N, Ox Ag) = — 49,090 
(H, N, O;) = 41,600 Nitric acid. 

(HNO, Ag) = 7,480 Heat of solution. 
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Reaction. Thermal effect. Remarks. 
(20, O, Aq) = 36,330 
(20, O3, Ag) = 72,970 
(20, 03) = 40,500 ) “ 
(N,0, Ag) = 14,150 § Non-dissociated. 
(N,0,4¢, OQ) = 18,320 = (ANVO,Ag, 0) 


This table shows that the affinity of nitrogen for oxygen 1s, 
or at least appears to be, negative ; even for the highest degree 
of oxidation, namely N.O,, the thermal effect is approximately 
equal to zero when the oxide is formed directly in the absence 
of water. ‘The explanation of this general negative character 
must be sought for in the heat of formation of NO, for the 
table shows that— 

N, +O, = 2NO —43,150¢c 
2NO+ 0, = 2NO, +26,900 

NO +NO = N,O, +13,600 
2NO+ 0, = N,O, +40,500 


Thus whilst the first gram-molecule of oxygen, which com- 
bines with 1 gram-molecule of nitrogen to form 2 gram- 
molecules of NO, produces a heat-absorption of 43,150 c, the 
union with the second gram-molecule, by means of which 1 
gram-molecule of N,O, is formed from 2 gram-molecules of 
NO, takes place with an evolution of 40,500 c. This is in 
complete agreement with the fact that NO unites directly with 
oxygen without the aid of any external agency, which is a case 
of true combustion without ignition. 

The third equation gives the heat of dissociation of N,O, ; 
for at constant pressure this compound splits up to form 2 
gram-molecules of NO, with an absorption of 13,600 c. 

If we take NO as the starting-point in expressing the heat 
of formation of nitrous and nitric acids in aqueous solution, we 
see from the table that 


(20, O, Ag) = 36,330 ¢ 
(a0, 0; Ag) = 79,07 = a 36,485, c. 
Here, again, we have an example of the simple ratio which 


exists between the heats of formation for different degrees of 
oxidation. 
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The large amount of heat which is absorbed in the 
formation of NO and N,O must certainly, from what has been 
said above, arise from there being a considerable consumption 
of energy in the breaking up of the nitrogen and oxygen 
molecules on direct formation of the oxides of nitrogen, ‘This 
point will be discussed more fully in a subsequent chapter. 


5. Acids of Phosphorus. 


(a) General properties of the acids.—The three acids, 
hypophosphorous, phosphorous, and orthophosphoric, can all 
be obtained in a crystalline form by evaporating an aqueous 
solution of the pure acids until the boiling-point of the liquid, 
namely, 130°, 180°, and 215° respectively, is reached. On 
cooling, phosphorous acid crystallizes out at once, phosphoric 
acid not, as a rule, until a crystal has been introduced into the 
melted acid, whilst crystallization of the fused hypophosphorous 
acid is only brought about at a very low temperature and when 
the walls of the vessel are rubbed with a glass rod. 

Since the acids can all be obtained as liquids at about 18°, 
the densities and molecular volumes of the “guid acids can be 
easily determined, as well as the wmelting-points of the 
crystalline acids, ‘The values found are contained in the follow- 
ing table :— 


Liquid acid. 
Acid. Melting-point, a : —— 
Density at 18°. a = 5g gy aa 
H,PO, 38°6° 1°884 98 gr. 52°02 cc 
H,PO, 7O'! 1651 82 49°66 
H,PO, 17°4 1°493 66 44°20 


Thus the densities of the liquid acids rise appreciably from 
hypophosphorous to phosphoric acid ; but, since the molecular 
weights increase at the same time, there is only a moderately 
small difference in the molecular volumes of the three acids. 
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The heat of fusion of the acids, that is to say, the amount of 
heat which becomes latent on passing from the crystalline to 
the liquid acid, can be easily determined ; for it is equal to 
the difference between the thermal values obtained when the 
crystaliized and liquid acids are dissolved in water under the 
same external conditions (temperature and amount of water). 
The following table contains the heats of solution as well as the 
heats of fusion :— 


Heat of solution. 
Acid. Heat of fusion at 18°. 
Cryst. acid. Liquid acid. 
H,PO, +2690 ¢ +5210 c —2520c¢ 
HEPOe — 130 +2940 — 3070 
H,PO, — 170 +2140 — 2310 


Thus all the liquid acids dissolve in water with evolution 
of heat; but, of the crystalline acids, phosphoric alone has a 
positive heat of solution ; in the case of the other two acids the 
effect is feebly negative. ‘The heats of fusion are equal to 
the differences between the numbers in the; second and third 
columns. 

(6) The heats of formation of the acids were determined in 
the following manner. An aqueous solution of Aypophosphorous 
acid was oxidized with bromine, when the observed thermal 
effect gave the value of the direct oxidation of hypophosphorous 
to phosphoric acid in aqueous solution. ‘The result was— 


(43;P0,A4, 0; = 165,490 ‘Ge 


A similar oxidation of an aqueous solution of phosphorous 
to phosphoric acid by means of bromine gave the following 
heat of oxidation :— 


(H,P0O;Ag, O) = 77,720 c. 
There still remains to be determined the thermal effect on 


formation of orthophosphoric acid itself from phosphorus and 
oxygen ; and for this purpose I made use of the reduction of 
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a very dilute aqueous solution of iodic acid by means of free 
phosphorus. The iodic acid solution had the composition 
HIO, + 2400H,0O ; a stronger solution was unnecessary, since 
the temperature on reduction of the solution in question rose 
about 4°7°. In this experiment a very dilute solution of todic 
acid was treated with an excess of phosphorus, so that the iodic 
acid was completely reduced to hydriodic acid, After the 
thermal effect had been measured, the guid was quantitatively 
analyzed in the following manner: 5o0o grams of the liquid 
were completely oxidized to phosphoric acid by means of 
bromine, free bromine and iodine were converted into halogen 
acids by means of sodium thiosulphate, and finally the amount 
of phosphoric acid was determined as magnesium pyrophosphate. 
In this manner it was found in the five experiments that for 
every molecule of iodic acid from 1600 to 1°630 atoms of 
phosphorus went into solution, partly as phosphorous, partly 
as phosphoric acid. Now, since the difference between the 
heats of formation of these two acids is known from the 
preceding researches, the last experiments give the thermal 
effect on formation of a gram-molecule of both of the acids 
from their elements, namely :— 


(ZZ;, P, O, Ag) = 305,290 c 
(Z;, P, O3, Ag) = 227,570 


It is noteworthy that the proportion in which the two acids 
are formed on oxidation of phosphorus is almost constant. If 
phosphorous acid only is formed, for every molecule of H1O, 
two atoms of phosphorus must be acted upon; for the 
exclusive formation of phosphoric acid, on the other hand, 1°2 
atoms of phosphorus are taken up. Now, the value found for 
the number of atoms of phosphorus acted upon lies between 
t'600 and 1°630, whilst the mean of 2 and 1°2 is 1'600. We 
can therefore assume, at least approximately, that on oxidation 
of phosphorus by a dilute solution of iodic acid, one half of the 
todic acid leads to the production of phosphorous acid, the other 
half to phosphoric acid. 

Now, since the heats both of solution and of fusion of the 
three acids have been determined, the thermal effect of their 


HEAT OF FORMATION 225 


formation from their elements can also be calculated. ‘The 
results are compared in the following table :— 


State of the acid formed. Reaction. Thermal effect. Difference. 


7a, O:) 302,600 c \ 74,900 ¢ 
Crystalline acids (2is F, Os) 227,700 . 
5730 
(Zl, P, 02) rgg.g7o [ton 
| (Zs; dig 0,) 300,080 } 75,450 
Liquid acids (2a en o>) 224,630 
| } 86,970 
(Hy P, Oz) 137,660 
Aqueous solutions (2; 2, 93, Ag) 227,570 P 
ll (2, 2% 0 49) | 139,800 } 87770 
(Pa, Os, Aq) 405,500 \ 155,440 
Aqueous solutions (22, O3, Ag) 250,060 
(P2, O, Ag) 74,520 } 1754540 


The affinity of phosphorus for oxygen ts in all cases very great, 
but it is nevertheless smaller than that of some of the metals, 
as, for instance, Mg, Ca, etc. I may add that I attempted to 
estimate the heat of solution of phosphoric anhydride by direct 
solution in water. ‘The reaction, as is well known, is very 
violent, so that the result is always attended by some un- 
certainty ; the value found was— 


(P,0;, Ag) = 35,600 ¢, 


and from this the heat of formation of the anhydride can be 
deduced, namely— 


(Px, O;) = 369,900 ¢. 


Amorphous phosphorus has a smaller heat of oxidation than 
common phosphorus; but the value varies considerably with 
the mode of formation of the amorphous modification, so that 
constant results are not attainable. 


Ai OF Q 
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(6. Oxides and Acids of Arsenic. 


(2) In its behaviour on neutralization, arsenic acid is in com- 
plete agreement with phosphoric acid; arsenious oxide, on the 
other hand, in aqueous solution behaves quite differently from 
phosphorous acid. ‘The trioxide does not combine with water 
to form an acid, and when dissolved in water shows a basicity 
with respect to caustic soda which is only half as great as that 
of phosphorous acid (see p. 102). 

Arsenic acid, however, is very notably distinguished from 
phosphoric acid by its small affinity for water; for the first- 
mentioned acid is readily converted into the anhydride on 
heating, whilst phosphoric acid, even on ignition, loses only 
two-thirds of its hydrogen in the form of water, giving rise 
to metaphosphoric acid. Arsenic has also a far smaller affinity 
for oxygen than has phosphorus. 

The calorimetric experiments include the heats of formation 
of both of the oxidation products, as well as the heats of solu- 
tion of the anhydrides and of arsenic acid. The heats of 
solution of the anhydrides were derived from the thermal effect 
produced by their solution in dilute caustic soda, after the 
known heats.of neutralization had been deducted. The heat 
of solution of arsenic acid, on the other hand, can be measured 
directly. 

The heat of formation of arsenic acid was estimated by means 
of the reaction between bromine, water, and an excess of finely 
pulverized arsenic. The bromine is thereby completely con- 
verted into hydrobromic acid with the formation of arsenic 
acid. After the termination of the experiment the amount of 
hydrobromic acid was quantitatively determined. The heat of 
reaction for 1 gram-atom of arsenic dissolved is found from the 
equation— 


5(HZ, Br, Aq) — 4(Hy O) + (Hy As, Ou Ag) = 83,690 ©, 
and will therefore be— 


(H;, As, O,, Ag) = 215,230 c 
(As, O;, Ag) = 225,380. 
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(2) Heat of formation of arsenious oxide. When a very 
dilute solution of iodic acid ts poured into an aqueous solution of 
arsenious oxide, which contains rather more of the oxide than 
the amount of iodic acid added is able to oxidize to arsenic acid, 
the iodic “acid is, in the course of a few moments, completely 
reduced to hydriodic acid. ‘This process was investigated 
calorimetrically, and the thermal effect found was equal to 
149,975 c for every 2 gram-molecules of iodic acid reduced, 
consequently — 

3(45,0;49, On) — 2(HTAg, O;) = 149,975 ©, 
whence it follows that— 
(As,0;49, Oz) = 78,410 c. 

Now, since— 

(As, O;, Ag) = (As, O3, Ag) + (A5,0;Aq, O,), 
we obtain— 
(As,, O;, Ag) = 146,970 Cc. 

I also, some years later, measured the /eat of formation of 
arsentous oxide in another way; namely, from the thermal effect 
on decomposition of arsenious chloride with water (see section 
C on the chlorides of the non-metals). From the heat of 
decomposition we can deduce the value— 

(As, O3, Ag) = 147,270 ©, 
which is in very close agreement with that given above ; the 
mean value 147,120 c will in future be the one adopted. 

The determinations of the Heats of solution of the acids and 
of the two anhydrides, gave the following results :-— 

(As,0;, Ag) = —7550 c 

(As,0;, Ag) = +6000 
(H;,As0,, Ag) = — 400 
(As,0;, 34,0) = +6800. 

From these numbers we arrive at the heats of formation of 

the oxides of arsenic in the solid condition, namely— 
(As, O;) = 154,670 c 
(As,, O;) = 219,380 
(A530, O;) — (Asa O;) = 64,710 
(Zi, As, O,) = 215,630. 
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Thus the affinity of arsenic for oxygen is considerably less 
than that of phosphorus ; the difference between (7, O;) and 
(As, O;) amounts to 150,520 c. It is well known that arsenic 
anhydride splits up into arsenious oxide and oxygen on ignition, 
notwithstanding that the decomposition is accompanied by a 
heat-absorption of 64,710 c. 

An aqueous solution of arsenious oxide is known not to be 
oxidized by todine, but, on the other hand, immediate oxidation 
ensues on addition of the hydroxide or carbonate of sodium. 
The explanation is simple: In the first case we have the 
reactlon— 

(As,0;4q : L,) = (A5,0;49, O.) + 4(H, L, Ag) — 2(22, O) 

—5630c = 78410c + 52,680c — 136,720 C. 


The reaction would consequently be attended by a mode- 
rately large absorption of heat. If, however, sodium carbonate 
be added to the aqueous solution of arsenious oxide the con- 
ditions are changed, in that the thermal effect is increased by 
the heat of neutralization of the six molecules of acid formed, 
which, after deduction of the heat of neutralization of the 
arsenious acid, produces an additional evolution of 11,422 c. 
This is far in excess of the amount of energy that is required 
to decompose the sodium carbonate, and the process therefore 
results in a considerable evolution of heat.! 

The difference between the heats of formation of the pent- 
oxide and trioxide of arsenic is one-fifth of the difference 
between the heats of formation of phosphoric and _iodic 
anhydrides, and is exactly equal to the difference between 
the heats of formation of sulphuric and selenic acids in the 
liquid state— 

(Pr Os) — (Le) Os) = 5 X 64,970 € 
(As, Os) — (A5sa, Os) = 64,710 
(S, O3;, 42,0) — (Se, O;, HO) = 64,700. 


1 Note by Translator.—This is a good instance of a fact to which 
Ostwald has called attention; namely, that in order that a reaction 
involving absorption of heat shall take place, any exothermic reaction 
which can be coupled with it, must be expressible by a single equation. 
In this instance, it may be taken that the action is due to the formation 
of a hypoiodite, and its subsequent reaction with the arsenious solution. 


\ 
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This conformity is possibly accidental, but nevertheless it 
is worthy of note. 


7. Oxides of Antimony and Bismuth. 


It is not practicable to make a direct estimation of the 
heats of formation of these oxides, since the products of com- 
bustion are not of a constant composition. On the other hand, 
the heats of formation of the corresponding chlorides can 
readily be determined by direct methods, and from these the 
values for the oxides are deduced. 

Thus antimonic acid is formed from the decomposition of 
the pentachloride by water; the decomposition is complete, 
and the hydroxide formed does not contain any chlorine. In 
the case of the pentachloride I found (see below) 


(52,-GZ) = 204,870 -¢, 


whilst the decomposition with water produces the thermal 


effect— 
(S0C%,: Ag) = 35,200 ¢, 


and corresponds to the following reaction :— 


(S6CI,: Ag) = —(SbCh) — 3( ay O) + 5(H, CZ, AQ) 
+ (H, Sb, O,, H,0). 


By means of the thermal values already ‘given we find that 
(ZZ, Sb, O;, H,0) = 148,570 c, 


and from this— 
(58a, 0), 377, 0) = 228,780.¢, 


On the other hand, the /vich/orides of antimony and bismuth 
are not completely decomposed by water; for the correspond- 
ing oxides or hydroxides are of a distinctly basic nature, so that 
they react with some of the hydrochloric acid formed by the 
decomposition. ‘The compounds resulting from the treatment 
with cold water have usually, as is well known, the composition 
$b,O;Cl, and BiOCl1; in which five-sixths of the antimonious 
chloride and two-thirds of the bismuthous chloride are de- 
composed. In order to determine the influence which the 
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formation of these compounds has upon the thermal effect on 
decomposition of the chlorides with water, the thermal value 
of the reaction between hydrochloric acid and the hydroxides 
Sb(OH); and Bi(OH), was measured under such conditions 
that compounds of the above-mentioned composition were 
produced ; I found 


(2500,H,, HCIAg) = 2,368 ¢ 
| (Bi0;H3, LICIAq) = 14,180. 


Thus for every gram-molecule of SbCl, decomposed, the 
observed heat of decomposition is 1184 greater, and for every 
gram-molecule of BiCl, 14,180 c greater, than it would have 
been if the water had completely decomposed the chlorides to 
hydroxides. ‘The experiments show— 


(SOC7, : Ag) = 8910 c Product: Sb,O,Cl, 
(BiCZ, : Aq) = 7830 * BiOCl1.H,O, 


from which it follows that for a complete decomposition— 


(SOCh: Ag)= 77g c Product : Sb(OH), 
(BiCl, : Ag) = —6350 i Bi(OH),. 


From the last-mentioned values we can calculate in the usual 
manner— 


(Sd, O,, H, H,0) = 117,890 c | (Sd, O;, 347,0) = 167,420 € 
(Bi, Ox, H, HO) = 103,050 | (Bix, Oxy 3420) = 137,740. 


A comparison of the heats of formation of antimonious 
hydroxide and of arsenious oxide shows that antimony has a 
greater affinity for oxygen than has arsenic, and thus we find 
in the P, As, and Sd group the same relation that was found 
in the C7, Br, and /, and in the .S, Se, and Ze groups, which 
is, that the affinity for oxygen is smallest in the middle member 
of each series, that ts to say, for Br, Se, and As respectively. 


8. Compounds of Carbon and Oxygen. 


(a) Allotropic modifications are known to exist in the case 
of many elements. All the physical properties, such as external 
appearance, crystalline form, melting-point, specific heat, and 


i 
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density, and partly also the chemical properties, are altered 
when an element is converted from one allotropic state into 
another ; at the same time, the amount of energy in the sub- 
stance also undergoes a change. It has been observed, how- 
ever, that there appears to be a sort of general rule with regard 
to some of these changes in property, namely— 

When the passage of an element from one allotropic modt- 
fication to another is attended by an evolution of heat, the newly 
Jormed substance will have a greater density and a lower specific 
heat. 

Sulphur, phosphorus, selenium, and carbon form  con- 
spicuous examples in this connection, as will be seen from 
the following numbers :— 


State of aggregation. Density. sai ay yrsFn tian 
monoclinic 1°96 o'1844 
Sulphur { rhombic 27065 0°1776 
_f regular 1°83 o' 1882 
Phosphorus { amorphous 2°10 0° 1668 
tent { amorphous 4°28 O°1031 
a crystalline 4°80 0'0760 
amorphous 2°0 O'1I4 
Carbon { diamond | 3°5 0°063 


In all these instances the transformation takes place with 
evolution of heat, whence it follows that the heat of combustion 
is reduced, whilst the density rises and the specific heat 
becomes less. 

(4) Carbon dioxide—-The heat of combustion of carbon is 
therefore dependent upon its physical condition; Favre and 
Silbermann found that 1 gram-atom, 7.¢. 12 grams, of charcoal 
on complete combustion produced 96,960 c, whilst the diamond 
produced only from 93,240 c to 94,540 c, and the heats of 
combustion of the other modifications of carbon lie somewhere 
between these values. Under these circumstances I have not 
thought it necessary to make a determination of the heat of 
combustion, the more so since the value found would have to 
be increased by a certain number in order to correspond to 
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the heat of combustion of a carbon atom in its condition as 
a constituent of a chemical compound. I shall deal more fully 
with this subject in a later chapter, under the heading of 
“Organic Compounds.” In the mean time I shall adopt the 
value found by Favre and Si/bermann as the heat of combustion 
of porous carbon (wood charcoal), namely— 


(C, O.) = 96,960 c, 


and this agrees very closely with the heat of combustion of the 
carbon formed from purified cellulose, which Gotlieb found to 
be 96,400 c. 
I have determined the heat of absorption of carbon 
dioxide as— 
(COs Aq) = 5880 C, 


from which it follows that— 
(C, 0, Ag) = 102,840 c, 


(c) Carbon monoxide.—Very special precautions were taken 
in order to obtain an accurate determination of the heat of 
combustion of carbon monoxide, since this value, similarly to 
the heat of formation of water and of hydrogen chloride, enters 
into the calculations connected with a number of reactions. 
Two series of experiments, comprising in all ten combustions, 
and carried out with an intervening interval of two years, and 
with different calorimeters, gave precisely the same result, 
namely — 

(CO, O) = 67,960 c at constant pressure. 


In the course of the experiments 33°3 litres in all of carbon 
monoxide were burned. If now we subtract the number 
found from the heat of combustion of carbon we obtain the 
heat of formation of carbon monoxide. 

29,000 c at constant pressure 
20,290 ys volume. 


(C, 0) =| 


With respect to the numerous experimental details the reader 
is referred to Zherm. Unters., vol. ii. p. 284, ef seq. 

(Z) The heat of formation of oxadic acid was derived from 
the thermal effect on oxidation of an aqueous solution with 
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hypochlorous acid, when carbonic and hydrochloric acids 
are formed. For experimental details see reference above. 
The result is— 
(C,0,A4q, O) = 62,000 ¢, 
which is the thermal value for the oxidation of a solution of 
oxalic acid to gaseous carbon dioxide by means of oxygen. 
And since the heat of formation of this oxide is taken as 
96,960 c, we therefore obtain— 
(C., O;, 44) = 131,920'¢ 
(Cy CO, fo, Ag) = 200,250, 
I have found the heats of solution of crystalline and of 
anhydrous oxalic acid to be— 
(C,H,0,. 2,0, Aq) = — 8588 c crystalline acid 
(C,H,0, Ag) = — 2256 anhydrous acid. 
Thus two gram-molecules of water are taken up by the 
anhydrous acid C,H,O, with an evolution of 6332 c. 
The heat of formation of the anhydrous acid is therefore 
(Cx, He, O,) = 202,540 6, 
and for the evystallized acid 
(C,, £4, O, 24,0) = 208,870 c. 
Oxalic acid forms a connecting link between the monoxide and 
dioxide of carbon; this is best seen by a comparison of the 
heats of formation of the acids in aqueous solution, taking 
carbon monoxide as the starting-point ; we then have— 
(260, 0, Ag) = 1 X 73,920 ¢ Product :C,0;Aq 
(2CO, O, Aq) = 2 X 73,840 " 2CO,Aq 
that is to say, the evolution of heat is proportional to the amount 
of oxygen. ‘This is another example of the fact that the ther- 
mal values of analogous processes can be regarded as multiples 
of a common magnitude. 


C. CHLORIDES AND OXYCHLORIDES OF THE NON-METALS. 


A large number of these compounds can be formed by 
direct methods, and their heats of formation can therefore also 
be measured directly. This holds good for the compounds of 
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chlorine with iodine, sulphur, selenium, tellurium, phosphorus, 
arsenic, antimony, and bismuth; whilst the determination of 
the heats of formation of the chlorides of carbon requires a 
special mode of treatment. The heats of formation of the 
oxychlorides, on the other hand, are most easily derived from 
their decomposition by water, when hydrogen chloride and the 
corresponding acid are formed. 


1. Monochloride and Trichloride of Iodine. 


Todine monochloride, 1Cl, was formed directly in the calori- 
meter from iodine crystals and gaseous chlorine. The product, 
as is well known, is a liquid. Jodine trichloride, 1Cls, on the 
other hand, is formed by passing chlorine into iodine mono- 
chloride. The result was as follows :— 


(4, CZ) = 11,650 c Product: liquid ICI 


(7C7, Ch) = 15,660 ; : 
(Z, Cl) = 21,490 } 9 solid IC],. 


Thus the thermal effect resulting from combinations 
between these analogous substances is by no means small. 


2. Sulphur, Selenium, and Tellurium. 


The monochlorides of sulphur and selenium were formed 
directly in the calorimeter; the thermal values, after taking 
into account the fact that sulphur and selenium were dissolved 
by the product of the reaction, amounted to— 


(S., Ch) = 14,257 € 
(Se, Ci) = 22,750. 


The tetrachlorides of selenium and tellurium were also 
formed in the calorimeter, the first by the action of chlorine 
upon selenium monochloride, the second directly from tel- 
lurium and chlorine. ‘The result was 

(S¢,CZ) = 46,156 c 
(Ze, Ch) = 77,377: 
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A comparison of these values with those above shows that 
the affinity between these substances and chlorine rises considerably 
Jrom sulphur to selenium and tellurium. 

I have also investigated the thermal effect on decomposition 
of the tetrachlorides of selenium and tellurium, and found— 


(SeCl;: Ag) = 30,370 ¢ eorean eee: by solution 
(TeCi, : Ag) = 20,345 in water. 


We have seen above (p. 215) that these numbers can he 
utilized for the calculation of the heats of formation of selenious 
and tellurous acids. 


3. Phosphorus, Arsenic, Antimony, and Bismuth. 


(a) Phosphorus.—Since the heats of formation of phos- 
phorous and phosphoric acids are already known, the heats of 
formation of PCl,, PCl,, and POCI, can easily be calculated from 
the thermal effect due to their ee aa by water. For 
these three reactions I found— 


(PCZ,: Aq) = 65,140 ¢ 
(PCE; : Ag) = 123,440 
(POC : Ag) = J2,207 


i Decomposition by 
| solution in water. 


As an example we have— 


65,140 C = 227,570 c + 117,945 c — (P, C4) — 205,080 c. 


This equation gives us the heat of formation of PCl;, and in 
a similar manner those of the other compounds can be found, 
namely— 
(P, Ch) = 75,300 ¢ 
UP; .Clz) =. 804,990 
(PCL. Ch) = 29,090 
(PCi,, O) = 70,660 
(7?,C&, 0) = 145,960. 


Thus we see that the heat of formation of the oxychloride 
from the trichloride and oxygen is far greater than that on 
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formation of the pentachloride from the trichloride and 
chlorine. 

In order to obtain a control value for these numbers, I 
made a direct measurement of the thermal effect due to the 
combination of the trichloride with chlorine, and found 29,692 c, 
which is in complete agreement with the calculated difference 
between the thermal values for the penta- and trichlorides. 

(4) Arsenic.—The heat of formation of arsenious chloride is 
measured directly ; by the action of chlorine upon metallic 
arsenic the thermal value is 71,463 cc. Since the heat of oxida- 
tion of arsenious oxide has already been determined, the heat 
of formation of the trichloride can also be calculated from the 
thermal effect due to its decomposition by water. For this re- 
action I found 17,583 c, and we thus arrive at 71,307 c as the 
heat of formation of the trichloride, which agrees exactly with 
the value found by direct measurement. We therefore have 
the following values for arsenic :— 


(As, CL) = 71,390 C 
(As, Ci, Ag) = 17,580. 


(c) Antimony and bismuth.—The heats of formation of the 
trichlorides were also in this case measured directly ; that of 
antimony pentachloride, on the other hand, was found by 
taking the sum of the heat of formation of the trichloride and 
of the thermal change resulting from the action of chlorine 
upon the trichloride. The result was— 


(S8, C%) = 91,390 C 
(SdCZ, Ch) = 13,480 

(Sd, CZ) = 104,870 

(Bi, C4) = 90,630. 


The trichlorides of antimony and bismuth are known to be 
only partially decomposed by cold water, the respective pro- 
ducts being Sb,O,Cl, and BiOC1. 

The thermal effects as measured were— 


(SbCZ,: Ag) = 8910 c_ Product : Sb,O,Cl, 
(BiCi, : Ag) = 7830 RBiOC1. H,O. 
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This gives us the heat of formation of bismuth oxychloride, 
(Bi, O, Ci, 7,0) = 88,180 c¢, 


and the thermal effect of the action of hydrochloric acid on 
bismuth hydroxide, 

(Bi0;H;, HCIAg) = 14,180 ¢, 
a value which shows the strongly basic character of bismuth 


hydroxide. On complete hydrolysis of the chlorides by water 
the thermal effect would be— 


(SbCZ,: Ag) = + 7730c Product : Sb(OH), 
(BiCl,: Aq) = — 6350 % » bICORD 


The decomposition of antimony pentachloride by water was 
found to be 


(SCZ, : 4g) = 35,200 Product: SbO,H,. 


Thus phosphorus, arsenic, atimony, and bismuth show the 
following affinities for chlorine :— 


R (R, Céls) (R, Cl5) (2, Cts) — (CR, Cég) 
E 75,300 c 104,990 ¢ 29,690 

As 71,390 = aad 

Sb 91,390 104,870 13,480 

Bi 90,630 — — 


We see that in the case of the trichlorides the affinity of 
chlorine for antimony and bismuth is far greater than for 
phosphorus and arsenic ; but the pentachlorides of phosphorus 
and antimony have equal heats of formation. It follows from 
this that the last two atoms of chlorine are more feebly bound in 
antimony pentachloride than they are in phosphorus penta- 
chloride. This explains the use of antimony pentachloride as a 
powerful chlorinating agent for organic compounds. 
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4. Compounds of Carbon and Chlorine. 


(a) None of the usual calorimetric methods are adapted to 
the determination of the affinity of carbon for chlorine ; partly 
because such compounds as CCl,, C,Cl,, etc., cannot be formed 
directly from their elements, partly because they are not spon- 
taneously combustible in oxygen, and finally because they are 
not decomposed in aqueous solution in such a manner as to 
enable us to utilize the heats of reaction for the calculation of 
the values required. 

I therefore adopted the following method for the determina- 
tion of the heats of formation of the chlorides of carbon: Zhe 
gas, or compound in the form of vapour, was mixed with hydrogen 
and burnt in oxygen. ‘Theoretically the method is very simple, 
but in practice a number of difficulties are encountered. Suit- 
able apparatus is required, as well as specially careful manipula- 
tion, so that when all the necessary precautions are taken these 
experiments may certainly be regarded as amongst the most 
difficult and tedious in the study of thermochemistry. 

For all particulars concerning the apparatus employed, the 
method of working, and the calculation of the observed results, 
the reader is referred to the very detailed description in 
Therm. Onters., vol. i. 339-358. 

A large number of carbon compounds containing chlorine 
will be referred to in the chapter on the heats of formation of 
organic substances ; here I shall give only the results of the 
researches on carbon tetrachloride, tetrachlorethylene, and 
carbonyl chloride, which most closely resemble the compounds 
of the non-metals already described. 

(2) Carbon tetrachloride, CCly—The experimental result 
was as follows: When a gram-atom of charcoal, in that modifi- 
cation which has a heat of combustion equal to 96,960 ¢, combines 
with 2 gram-molecules of chlorine, and the product is supposed to 
be in the state of vapour at a temperature of 19°, the combination is 
attended by a heat-evolution of 21,030 ¢. 

This result is of great interest ; part/y because it shows the 
very powerful affinity between carbon and chlorine, although 
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they do not unite directly ; partly as evidence that the heats of 
Sormation of carbon tetrachloride and of methane are very nearly 
equal, We thus have for the gaseous products— 


(¢, £7) = ar, 750¢ 
(C, Ch) = 21,030: 


This equality of the two thermal values affords an important 
contribution towards the elucidation of several chlorinating 
and reduction processes of organic substances which will be 
discussed later on. 

(c) Tetrachlorethylene, CyCl,—Experiments with tetrachlor- 
ethylene show that the union of 2 gram-atoms of carbon with 
2 gram-molecules of chlorine to form C,Cl, in the state of 
vapour of normal density at 19° takes place with an adsorption 
of r150c. Here, again, there is a marked similarity between 
the affinities of chlorine and hydrogen for carbon, since the 
heat of formation of ethylene is also negative. The values 


Be— 
(C,, H,) =S 2 fIC 
(Cx, C4) = 1150. 


(2) Carbonyl chloride——This compound was formed directly 
from chlorine and carbon monoxide under the influence of light. 
To purify the substance it was condensed in a cooling mixture, 
the condensed liquid was distilled in a suitable apparatus, and 
the vapour collected over mercury in a gas-holder of about 
3-litre capacity. In a pure, dry state, the gas does not act 
upon mercury, or at least not within the time required for the 
performance of the experiment. Indiarubber, on the other 
hand, is very strongly attacked, so that only glass connections 
must be employed in carrying out the investigations. 

Carbonyl chloride is only very slowly decomposed by 
water, but more quickly by a solution of caustic potash. The 
carbon dioxide formed is not, however, completely dissolved 
unless very strong potash is used, and it was therefore necessary, 
on analyzing the solution, to determine not only the amount of 
hydrochloric acid formed, but also that of the carbon dioxide 
absorbed, so as to make the requisite correction in the calcula- 
tion for the carbon dioxide which escaped absorption. On 
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the complete decomposition of 1 gram-molecule of COCI,, and 
the absorption of the whole of the gas formed, there is a heat- 
evolution of 105,175, from which we calculate in the usual 
manner that the heat of formation of carbonyl chloride is 
55,620 c. 

To control the accuracy of these numbers, a second series 
of determinations was carried out, in which carbonyl chloride 
mixed with hydrogen was burned in oxygen in precisely the 
same manner as in the preceding experiments with CCl, and 
C,Cl,. According to these experiments the heat of formation 
of carbonyl chloride should be 54,650c, whilst the decomposi- 
tion with potassium hydroxide gave the value 55,6z0c. We 
can therefore put the eat of formation of carbonyl chloride at 


(C, O, Ch) = 55,140¢. 


Since the heat of formation of carbon monoxide is 29,000 c, we 
obtain— 
(CO, CZ) = e6,140¢, 


and this high thermal value explains the direct formation of 
carbonyl chloride from carbon monoxide and chlorine. 


D. CoMPOUNDS OF CARBON WITH SULPHUR AND NITROGEN. 


1. Carbon disulphide, CS,—TVhe heat of formation of 
carbon disulphide is deduced from the heat of combustion 
of the substance in oxygen. ‘Together! with the dioxides of 
carbon and sulphur there is always formed a small amount of 
sulphur trioxide, so that in the calorimetric experiments the 
products of the combustion must be quantitatively analyzed. 
Carbon disulphide in the form of vapour is passed into the 
calorimeter, and from the measured thermal effect the eat of 
combustion of the gaseous substance at 20° can be calculated. 
Assuming the combustion to be normal, that is to say, that the 
products are exclusively composed of the dioxides of carbon 
and sulphur, we find that 


(CS, : 0.) = 265,130. 
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From this we calculate in the usual manner that the Aeat of 
formation of 1 gram-molecule of CS, in the gaseous state 1s 


(C, S,) = —26,010 c for gaseous CS, at 20°. 


Since the heat of vaporization of 1 gram-molecule of carbon 
disulphide is 6400 ¢, the heat of formation will consequently be 


(C, S,) = —19,610 c for liquid CS,. 


The heat of formation is in all cases negative ; but this 
arises from the large amount of energy with which the carbon 
must be supplied in order to bring about the conditions under 
which it enters into its compounds. I shall deal with this 
subject in a later chapter on the heat of formation of organic 
substances. Carbon is known to unite directly with sulphur, 
but only at a high temperature ; and this is also the case when 
carbon combines with oxygen and with hydrogen. 

2. Carbonyl sulphide——This compound was formed directly 
from carbon monoxide and sulphur vapour, which combine 
with ease when they are led together through a tube filled 
with pumice and warmed. ‘The compound was purified by 
treatment with alcoholic potash, when it is converted into 
ethylmonothiocarbonate of potassium, which, after crystalliza- 
tion from absolute alcohol, was decomposed with hydrogen 
chloride. The product was washed with water at 0°, dried, and 
collected in a gasometer over mercury. On combustion in 
oxygen it, similarly to carbon disulphide, forms a little sulphur 
trioxide, the amount of which must of course be determined. 
The heat of combustion was found to be 


(COS < O;) = 197,070 c. 


This is almost exactly half of the heat of combustion of 
1 gram-molecule of CS,, for which we found 265,130c. From 
the heat of combustion we can, in the usual manner, find the 
heat of formation of 1 gram-molecule of COS, namely— 


(C, O, S) = 37,030 ¢, 


from which, finally, we can deduce the thermal effect on 
GPs R 
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Sormation of carbonyl sulphide from carbon monoxide and 
sulphur, namely— 


(CO, S) = Bozox. 


These values apply to rhombic sulphur and amorphous 
carbon, 

It is worthy of note that the heat of formation of carbonyl 
sulphide lies about midway between the heats of formation of 
carbon dioxide and of carbon disulphide, and similarly that 
that of carbonyl chloride lies about midway between those 
of carbon dioxide and of carbon tetrachloride. Thus we 

have— 


(0, C, Q).= w6ebec (0, C, 0). =—gb,o60c 
(S,C,O) = 37,03¢ = (Ch, C, O) = 55,140 
(oy GC, 5) = =gGjete {CL C, CL) = 21,030. 


In the first case the mean value is 35,475 c; in the second, 
58,995c. ‘The explanation of this difference may possibly be 
that a reaction takes place within the unsymmetrical molecule, 
between sulphur and oxygen in the one case, and between 
chlorine and oxygen in the other; the former gives rise to an 
increased heat of formation, the latter, on the contrary, to a 
lower. 

3. Cyanogen and hydrogen cyanide.—The heats of formation 
of these two carbon compounds are derived from their heats 
of combustion, which are respectively 259,620 c and 158,620c¢ 
(see Part IV.). Calculating in the usual manner we find 


(Cy, N,) = — 65,700 ¢ 
(A, C, WV) = —27,480. 


The heats of formation are therefore strongly negative, 
which is due to the amount of energy which must be supplied 
to the carbon in order to bring about the condition under 
which it enters into chemical compounds. On the other hand, 
cyanogen and hydrogen combine with evolution of heat. From 
the numbers above we calculate that 


(C.N, 1 Hy) = 2(H, C, N) — (Cy Ny) = 10,740. 


tas 
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Thus the heat evolved is about one-quarter of that observed 
in the action of 1 gram-molecule of chlorine upon I gram- 
molecule of hydrogen (namely, 44,000 c). 

In Chapter [X. which follows will be found tabulated the 
numerical results of the whole of my researches on combina- 
tions between the non-metals. 


CHAPTER IX 


COMPOUNDS OF THE NON-METALS. COMPARATIVE 
TABLES OF THE NUMERICAL: RESULTS 


Tue following tables contain the results of researches on com- 
pounds of the non-metals arranged in the manner most conve- 
nient for reference. ‘The substances are arranged in groups in 
the order of their valency, so that each group contains all the 
values connected with that particular non-metal. But in order 
to avoid repetition, the arrangement is, as a rule, based upon 
the electro-positive non-metal of the compound. So that, for 
example, all the compounds of sulphur, whether they contain 
oxygen, hydrogen, or chlorine, will be found under the group 
sulphur, similarly the oxygen, hydrogen, chlorine, and sulphur 
compounds of carbon are placed in the carbon group. 

All the thermal values quoted apply to reactions of the 
constituents at a “mperature of from 18° to 20° C., and at 
constant pressure. Unless anything to the contrary is stated, 
the state of aggregation is always that in which the substance 
occurs under normal conditions at the temperature specified ; 
so that bromine and water are referred to as liquids, iodine, 
sulphur, and phosphorus, on the other hand, as solids. 

In the formule employed the reactions are always supposed 
to take place between those constituents which are separated 
by a comma (,) or by a colon (:), and in those proportions 
which are represented by the formula. The comma usually 
indicates that the constituents enter into direct combination ; 
the colon, on the contrary, that they decompose one another. 
The sign Ag in the formule represents a large amount of water, 
and consequently indicates that the reaction in question is 


, 
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supposed to take place in solution ; thus (/7CZ, Aq) signifies the 
heat of absorption of gaseous hydrogen chloride, but (/7, CZ, 4) 
expresses the formation of an aqueous solution of hydrochloric 
acid from the constituents hydrogen, chlorine, and water. 

The atomic weights used for the non-metals will be found 
on page 45, and the thermal value expresses the number of 
heat units—that is to say, that amount of heat required to raise 
unit weight of water at 18° through 1° C.—corresponding 
to that weight of the reacting substances which the formula 


represents. 


TABLE. 18. 


THERMAL EFFECT ON FORMATION OF COMPOUNDS OF 


THE NON-METALS. 


(a) Hydrogen and Hydrogen Peroxide. 


| 


Reaction. Thermal effect. Remarks. 
(OES a'é), 22,000 c The thermal effect is valid for 
(Gi) 8,440 the reaction at constant pres- 
(22) — 6,040 sure, and for the constituents 
(QO; 275) +68, 360 and products in their normal 
G55-225) 2,730 \ state of aggregation at 18°. 
(We ez) 11,890 / The heat of fusion of 1 gram- 
(Cee H,) 21,750 | molecule of H,O, according 
(eZ), 28,560 to Regnault, is 1440 c, and 
(Coe az) — 2,710 the heat of vaporization is 
(Coa Lea} —47,770 9660 c at 100°. 
: — 5,310 Valid for liquid benzene. 
(Co, “%6) { — 12,510 »» benzene vapour at 18°. 
(CLF) 21,984 +0'9¢ , 
[Br, | 11,704 -+0°9 ¢, Valid at temperature 4, when 
Le a) “608 rod both the constituents and the 
(0 H.] 2 £ oe i products formed are assumed 
[S, 4] 5759 a none to be in the state of gas or 
coy ete set 
HYDROGEN PEROXIDE. 
(42, O2, Aq) 45,300 c |} Formation and decomposition of 
(4,0, O, Aq) — 23,060 | hydrogen peroxide in aqueous 


(4,0,49, 12) 


=—91,420 | solution. 
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(6) Oxygen. 


y 
Reaction. ‘Thermal effect. Remarks. 
(//,, O) 68,360 c | Product : liquid. 
(CZ,, O) — 17,930 » gaseous. 
(42, QO) —17,470 ” ” 
(XY, O) — 21,575 ” ” 
(C, O) + 29,000 For amorphous carbon. 
(C, Oz) 96,960 ” ” (Favre). 
» Us 1,050 roduct : gaseous. 
(S, Oo) 71,08 Prod g: 
(Se, Oz) 57,080 = crystalline. 
NO, completely dis- 
(NW, Oz) — 8,125 { 29 et 
, ciated. 
(M2, O4) — 2,650 ‘i N,O, non-dissociated. 
(S, O3) 103,240 i liquid. 
(A452, O3) 154,670 *9 solid. 
(Z, O ) 45,030 ” > 
(Ase, 0s) 219,380 ” ” 
(c) Chlorine. 
1. GENERAL SUMMARY. 
a ee Of these compounds, HCl and 
Ce 5,830 Cl,0 are gases ; ICI;, SeCl 
ee a) ae TeCl,, PCly, SbCl,, and BiCl, 
ar: 7593 are solids ; and the remaining 
(Sz, Cle) + 14,260 d Heute ge 
(Ses, Ch) 22,150 compounds are liquids at I 
(S » CL) ree to 20°. The thermal values 
(72 Ci) 4) 80 are valid for the substances in 
(P ai ) a their normal state of aggrega- 
(2. Ch.) ee tion at this temperature, and 
( as Ch) sie for rhombic sulphur, amor- 
(6, Cl) Age 5 phous selenium, metallic tel- 
are 91539 lurium, regular phosphorus 
(5b, Cl.) 104,870 easy , 
( Bi. CL) 90,6 30 and amorphous carbon. 
¢ wai | ’ 
8,230 Product: liquid. 
(coe 
1,030 ” gaseous. 
6,000 liquid. 
ty » 
— 1,150 9s gaseous. 
2. Hyprocuioric Acip, HCl. 
(27, Cz) 22,000 c Product: gaseous. 
(4, (Ce, Ag) 39,315 +s aqueous solution. 
(47Cl, Aq) 17,315 Heat of absorption. 
(NaOH Aq, HCIAq) | 13,780 >,  heutralization. 
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Reaction. Thermal effect. Remarks. 


3. HyprocuHtorous Acip, HC1O. 


(CZ, O) —17,930c | Product: gaseous. 
(CZ, O, Aq) — 8,490 ‘e aqueous solution. 
(Cl,0, Aq) + 9,440 Heat of absorption. 
(7, CZ, O, Ag) 29,930 Product: HCIOAq. 
(MaOHAq, HClOAQ) 9,980 Heat of neutralization. 
4 Curorie Acrp, FICIO;. 

(CZ, O,, 4¢) — 20,450 c Product : C],O;Aq. 
Ce, CZ, 0;, Ag) +23,940 HA HC1O,Aq. 
(AClOAq, O,) — 5,990 \ Formation of HClO, by oxida- 
(AClAq, O3) — 15,380 tion of HCIOAg or HCI1Aq. 
(KOHAgq, HCl0;Aq) ={-13.,700 Heat of neutralization. 

5. PorasstumM CHLORATE, KCIO,. 
Ki. Ge; Oy) 95,360 c KCIO, formed from the elements 
(AC7, O;) — 9,750 \ and by oxidation of KCl, 
(KC/lO;, Ag) — 10,040 Tleat of solution. 
(cx, Ce, O;, Ag) +85,820 Aqueous solution. 
(KClOAq, O,) — 2,210 Oxidation of KCIO or KC} in 
(KCZAq, O;) —15,370 \ aqueous solution. 


6. OXIDATION CONSTANTS. 
2(H, Cl, Aq) — (ff, O) 1O;2760C Oxidation by chlorine and water. 


(4,Ct,Aq) -(4,CZ,0,Aq) 9,380 HCl and HCIO. 
(4, ClAg) —(,Cl,0;Aq) 15,380 pe HC) and HIC1O,. 
(Cl, Aq) 4,870 Heat of absorption. 


(@) Bromine. 


1. Hyprosromic Acip, HBr. 


tL, BY) 8,440 c Gaseous HBr formed from 
(@, Br, Aq) 28,380 Solution of HBrfliquid bromine. 
(HBr, Aq) 19,940 Heat of absorption. 
(NaOHAq, HhrAq) 13,750 Heat of neutralization. 

2. Hypospromous Acrp, HBrO. 
es, ee | Fs 43 © . } Product : aqueous solution. 


3. Bromic Actp, HBrO,. 


5 So | wae } Product : aqueous solution. 
(Br Aq, O;) —15,960 |, Oxidation of HBrAq. 


(NaOHAq, HLr0;Aq) 13,780 | Heat of neutralization. 
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Reaction. Thermal effect. | Remarks. 


4. POTASSIUM BROMATE, KBrO,. 


ae a Be ys } Product : cryst. KBrO,. 

b 3 } J 

(Zoa705, 47) — 9,760 Heat of solution. 

(XK, Br, O;, Aq) +74, 300 Formation in aqueous solution. 
(ABrAg, O;) — 15,930 Oxidation of a solution of KBr. 


5. OXIDATION CONSTANTS. 
2(4, Br, Ag) — (A, O)| —11,600¢ | Oxidation with bromine and water. 


2(4, BrAq) — (f12, O) — 12,680 se bromine water. 
(Br,, Aq) + 1,080 Heat of solution. 

(Lr,gas, Ag) + 7,643 Absorption of bromine gas. 
(Br.gas) — (Br,liq.) + 6,560 Difference in energy content at 19°. 


(e) lodine. 
1. Hypriopic Acrp, HI. 


(ZESR) — 6,040c | Product: gaseous. 
(7, 1, Aq) +13,170 - aqueous solution. 
(477, Ag) 19,210 Heat of absorption. 
(WaOHAg, H/Aq) 13,080 » neutralization. 
2, lopie Acrp, HIO,, 
(UG, (2h) 45;030¢c |] Prodact: I,0,. 
(Hi, Z, Os) 57,900 ” HIO. 
(22, Os, 120) 47,570 » 2HIO;. 
te Pig ay eas \ aS aqueous solution. 
6] 2 3 > 
(4203; 77,0) 2,540 Heat of hydration. 
ee fies ie } Heat of solution. 

(4/ZAq, O3) + 42,630 } Oxidation of HIAq to HIO,Aq. 
(Os) 64,000 and of gaseous HI to solid HIO;. 
3. Porassium IopATE, KIO . 

(eh On 1244490 © |} p ee 
(KT, 0.) 44,360 Product : solid. 
(A703, Aq) — 6,780 Ileat of solution. 
(K, Z, O;, Aq) 117,710 \ ? 
(KTAg, 0») 42,690 Product : aqueous solution. 
(KOHAgq, H/03Aq) 13,810 Heat of neutralization. 

4. PErtopic AciD, H,IO,. 
(Aa, 1,0) 185,780 c Product: crystalline. 
(41, 1, Og Ag) 184,400 “ aqueous solution. 
(H,£0,, Aq) — 1,380 Heat of solution. 
(Ze) Ory 227) 27,000 } : : 
( H, x 0, Ag) 47, 680 Product : aqueous solution. 
(ATAq, O,) 34,510 Oxidation of HI solution. 
(KOHAq, 5/0549) 5,150 } Heat of neutralization (see 
(2K OHAQq, H,/0,49) 26,590 p- 104). 
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Reaction. | Thermal effect. Remarks. 


5. CHLORIDES OF IODINE, ICI and IC]. 


(7, Cl) 5,830 c | Product: liquid ICI. 

(Z, Cls) 21,490 ‘ solid IC]. 

(£C2, Cl.) 15,060 ia . El 

(Z,gas) — (Z,s0lid) 10,900 Difference in energy content at 19°. 


(f) Sulphur, Rhombic. 


1. HYDROGEN SULPHIDE, H,S. 


(CZs, 35) 2730¢c Product : gaseous. 
(275, 9, 47) 7290 ae aqueous solution. 
(4,5, Aq) 4560 Heat of absorption. 
2. SULPHUR DIOXIDE, SO,. 
x 02) ne c For monoclinic sulphur 71,720 c. 
5, O2] 77,280 Product : liquid SO,. 
(S, O2, Ag) 78,780 aqueous solution. 
(SO,gas) — (SO,lig.) 6,200 Heat of liquefaction at 19°. 
(SO,, Aq) 7,700 », absorption. 
[SO,, Ag] 1,500 Solution of liquid SO, in water. 
(2NaOHAgq, SO,Aq) 28,970 | Heat of neutralization. 
3. SULPHURIC Acip, H.SO,. 
aes (Cla) 103,240 c Product : liquid anhydride. 
(S0,, 0) 32,160 Oxidation of SO, to SO,. 
(Z,, Sz, O;) 298,860 Product ; liquid H,S,0,. 
(2S0;, 2,0) 24,020 Heat of hydration. 
(42, S, O,) 192,920 
Be. soy ee Formation of liquid H,SO, from 
(SO., O, 0) 53,480 the constituents specified. 
29 Z 2 rob) 
(41,, SO2, Oz) 121,840 
(S, O3, Aq) rg. pae Formation of a solution of sul- 
as a by ee phuric acid from the consti- 
(H, a rl 0,, Aa) 210,77 m tuents specified. 
an 3 4) 5) 
(SO;, 4g) Be at ad Heat of solution of the anhydri 
, ydride 
as Pit and acids in 1600 mol. H,O. 
2 4) > 
(2NMaOHAq, SO;Aq) 31,380 Heat of neutralization. 
4. THIOSULPHURIC ACID, H,S,03. 
i i oe Aa} eg 5 Formation in aqueous solution. 
(SO,, S, Ag) — 1,610 \ Formation from sulphurous acid 
(SO,Aq, S) — 9,310 and sulphur. 


(Va, So, 03,5420) | 265,070 | Product: Na,S,O,'+ 5H,O. 
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5. DirHionic Acip, H,S,0,. 


i op 49) Ag) ors . \ Formation of aqueous solution. 
2° 2? 6 ’ 
(2S50,, O, Aq) 68,920 \ Formation by oxidation of SO, 
(2S0,Aq, O) 53,520 ‘ or isis 

. huri d sulpt 
(S0,49, S0,Aq) — 10,110 { pit phuric and sulphurous 
(K,50,, SOs) ) 
(Borer Cn) 415,720 Product : solid K,S,O,. 
(A25,0., Aq) — 13,010 Heat of solution. 
(2K 0H Aq, S,0;Aq) + 27,070 s, neutralization. 


6. TETRATHIONIC Acip, H,S,0,. 


We Or aq Ag) pl i }Formation in aqueous solution. 
29 4? 6) ’ 

(4,S,0.42, So) — 18,650 From dithionic acid and sulphur. 
(2,S,0;A4q, O) 53,490 By oxidation of thiosulphuric acid. 
7. SULPHUR CHLORIDE AND SULPHURYL CHLORIDE. 

(55,925) 14,260 c Direct formation. 

(SyCZ,, Sx) — 1,660 Solution of S in S,Cl,. 

(iS, Ob; (Ce) 89,780 Formation from the elements. 

(50,, CZ) 18,700 < »  90O,and Cl. 
(g) Selenium, Amorphous. f 


I. CHLORIDES OF SELENIUM, S,Cl, and SeC]l,. 


on oy ae 7 \ Direct formation. 
(S@CZ, 3Cl,) 70,170 Product : 2SeCl,. 
(.59eCl, 5 Ag) 30,370 Heat of solution. 

2. SELENIOUS ACID, SeQO,. 
(54,703) 57,080 c Product: cryst. SeQ,. 
(Se, O2, Aq) 56,160 + aqueous solution. 
(SeO,, Aq) — 920 Heat of solution. 
(Na,0Aq, SeO,Aq) 27,020 y> neutralization. 

3. SELENIC Acip, H,SeQ,. 
(Se, O3, Aq) 76,660 c Direct formation in solution. 
(SeO,, O, Ag) 19,580 \ eta 
(Se0,Aq, O) 20, 500 Oxidation of SeO, and SeO,Aq. 
(A, Se, Oy Aq) 145,020 Product : H,SeO,Aq. 

Heat of solution of liquid H,SeO, 

(2,S¢0,, Ag) wade { (Metzner). 
(Az, Se, O,) 128,220 \ ae 
(Se, 0, H,0) 59,860 | Product : liquid H,SeQ,. 


(Na,0Aq, SeO3Aq) 30,390 | Heat of neutralization. 
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(Ah) Tellurium, Metallic. 


Reaction. 


| Thermal effect. Remarks. 


1. TELLURIC CHLORIDE, TeCl,. 


(Zz, Cl.) 
(7eCl, : Ag) 


Direct formation. 
Heat of solution. 


| 775380 c 
20,340 


2, PELLUROUS ACIOS Hi oUlOr: 


(Ze, O,, H,0) 


(Ze, Os, Ag) 
(4, Te0,, O, Ag) 


(VH,4Aq, HSHAg) 


77,180 c | Fromtellurium, oxygen, and water. 


- LELUURIC AGI, te DiC, 


Direct formation in solution. 
By oxidation of tellurous acid. 


98, 380 c 
21,200 


(J) Netrogen. 
1. AMMONIA, NH. 


11,890 Direct formation. 

20, 320 +3 " in solution. 
8,430 Heat of absorption. 

pa ae Cryst. compounds: e.g. NH,Cl 

45, 60 formed from the gaseous con- 

pe stituents NH, and HCl. 

753790 

65,350 

49,310 Formation of salts from their 

37,060 elements. 

64,950 

88,060 

"6.100 } Heat of neutralization. 


2. HYDROXYLAMINE, NOH. 


(NV, 3, O, Ag) 
(NVH,Aq, OQ) 

(MW, O, 4, CZ) 
(NOH,CI, Aq) 
(N,0,H,. H,SO,, Aq) 
(NOH,Aq, HCLAq) 
(2NOH,Aq, SO;Aq) 


(4, O) 
(WoO, V) 
(4,0, 2,0) 


24,290 Cc Direct formation in solution. 
3,970 By oxidation of NH,Aq. 
76,510 Broder sun Orly e Ele), 
= S050 \ Heat of solution 
= 960 . 
T eH } 3 neutralization. 


3. Nirrous OxipeE, N,O. 


—17,470 Cc Direct formation. 
+ 3,885 Formation from NO and N. 
— 30,930 Product: NH,NO,. 
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4. Nirric OXIDE, NO. 
(ZW, O) | —21,575c | Direct formation. 


(V¥aO: ?' CO) —25,410 Product : 2NO. 

5. Nirrous Acip, HNO,. 
a Ona) eee : } Direct formation in solution. 

b] ’ 2) ’ 
tan MO, 0, da) thee } Formation from NO, 
(255, 2275.) +71,770 Product : NH,NO,. 
6. NITROGEN D10xIDE, NQ,. 
4 
vo, By + oe : f Product completely dissociated. 
7. NITROGEN TETROXIDE, N,O,. 
(2, O4) — 2,650c |? Heat of formation without dis- 
(20, O,) + 40,500 § sociation of N,O,. 
(4V,0,, Aq) 14,150 Heat of absorption. 
(4O,, VO.) 13,600 N,0, formed from 2NQ,. 
. 

8. Nitric Acip, NHO3. 
(ie VA) 41,610 c Direct formation, product liquid. 
(7, N, O;, Ag) 49,090 ” ” in solution, 
(ZNO, Ag) 7,480 Heat of solution. 
(HINO,Ag, 0) 18,320 | By oxidation of a solution of 

oeaches zi HNO,. 
(HZ, VO, O., Ag) 70,665 Formation of a solution of nitric 
(7, NO,, O, Aq) G7 205 acid from NO, NO,, and N,O, 
(2, V20,, O., Aq) 100,830 respectively. 
(@&% 20; O;) 63,185 Formation of nitric acid from 
(ZZ; 4VO,, O) 495735 | NO, NO,, and N,O, respec- 
(A, 204, Oz) 85,870 tively. 
(4, Os, Ag) 29,820 
(4,0, O,, Aq) 47,500 Formation of N,O;Ag from No, 
(20, O3, Aq) 72,970 N,O, 2NO, 2NO,, and N,O, 
(2NV0,, O, Aq) 46,070 respectively. 
(4,0,, O, Ag) 32,479 a 
(NaOHAq, HNO;AQ) 13,680 Heat of neutralization . 
g. CYANOGEN AND HYDROGEN CYANIDE, C,N, and HCN. 

(C., Ve) — 65,700 c ; ‘ 
( Hw. ral Wiss —27,480 Product : gaseous. 
(Zi, $ C,2V5) + 10,740 re SHCN. 
(HCN, Aq) 6,100 Heat of absorption. 
(7, C, N, Aq) — 21,380 


» Ag 
(NaOHAg, HCNAQ) + 2,770 », neutralization. 
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(k) Phosphorus, Regular. 


Reaction. Thermal effect. Remarks. 


I. CHLORIDES AND OXYCHLORIDES. 


i ay Mb i , ides from the 
te Cz 0} 145,900 hia atl 
(2CE. (CG) 29,690 \ PC], and POCI, formed from 
(PER, 0} 70,660 Rein 
(PC?; ; Ag) 65,140 
(PC7, : Aq) 123,440 Heat of solution. 
(POCI, : Aq) 72,190 
2. HypornmospHorous Actp, H,;PO,. 
139,970 c Cryst. acid. 
(2, P, 03) } 137,660 Liquid acid. 
(#,, 2, 03, Aq) 139,800 Aqueous solution. 
— 170 Heat of solution of the cryst. acid. 
(44,703, Aq) 42,140 i liquid ,, 
(255.0% one ) 74,860 Product: cryst. acid, — 
(72, O, Aq) 74,520 aqueous solution, 
(NaOH, 7,PO. »Aq) 15,160 Heat of neutralization. 
3. PHOsPpHOROUS ACID, H,PQO3. 
5 227,700 c Cryst. acid. 
(4y P, Os) t| 224,630 | Liquid acid. 
(27,, £; 0,, Ag) 227,570 Aqueous solution. 
— 130 Heat of solution of the cryst. acid. 
(4,P0;, Aq) +2,940 ae liquid ,, 
(Fo, Os 327,0) 250, 320 Product: cryst. acid. 
(22, O3, Ag) 250,060 oe aqueous solution. 
(2NaOH, H,P0,Aq) 28,450 Heat of neutralization. 
4. PHospHoric Acrb, H,PQ,. 
600 ¢ Cryst. acid. 
(1, F, a) Pores resi ee 
300,080 Liquid acid. 
(275; ©, O;, Az) 305,290 Aqueous solution. 
2,690 Heat of solution of the cryst. acid, 
(4,P0,, Ag) 5,210 +9 5 liquid ,, 
(P2, Os) 369,900 Anhydride. 
(ae (OP CI sE(O): 400, 120 Cryst. acid. 
(P,, O;, Aq) 405,500 Aqueous solution. 
(3Na0H, H;P0,Aq) 34,030 Heat of neutralization. 


(2) Arsente. 
I. ARSENIOUS CHLORIDE, AsC],. 


(As, CZ;) 71,390 c Direct formation. 
(AsCi, : Aq) 17,580 Heat of solution. 
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2, ARSENIOUS OXIDE, As,O . 


(A5s,, O3) 154,670c | Anhydride. 
(As, O;, Aq) 147,120 Aqueous solution. 
(As,03, Ag) — 7,550 Heat of solution. 
(Wa,0Aq, As,0;Aq) +13,780 »» neutralization. 
3. ARSENIC AciD, H,AsO,. 
(As, Os) 219,380 c Anhydride. 
(Ase, Os, 34220) 226,180 Hydrate. 
(45,0,, 34,0) 6,800 Heat of hydration. 
(As., O;, Aq) 225,380 Aqueous solution. 
(ia, As, 1) 215,630 Cryst. acid. 
(AisOn, 205) 64,710 t By oxidation of As,O, and 
(As,0,Aq, O2) 78,260 As,O;Aq to arsenic acid. 
(As,0;, Aq) 6,000 . 
(7,450, oe =e dia t Heat of solution. 
(3MaOH, H,As0,Aq) +35,920 », neutralization. 


(m) Antimony. 


I. CHLORIDES. 


i on pds Direct formation. 

> 5 ’ 

(GSBCZ,, CZ.) 13,480 SbCl, formed from SbCl, and Cl,. 
x 75730 On complete decomposition. 

(SCI; : Aq), 8,910 On formation of Sb,O,Cl,. 

(S&C%, : Aq) 35,200 On complete decomposition. 


2. ANTIMONIOUS ACID, HSbO, + H,O. 


(Sd_, O3, 34,0) | _ 167,420 ¢ | Product : 2Sb(OH),. 
(2, Sd, Oz, 120) 117,890 »  Sb(OH);. 


3. ANTIMONIC AciD, HSbO, + H,O. 


(Sb_, Os, 34720) 228,780 c Product : 2H,SbO,. 
(Z, Sb, O3, 7,0) 148,570 ” H,SbO,. 
(S603;43, O) 30,680 Oxidation of Sb(OH),toH,SbO,. 


(n) Bismuth. 


CHLORIDES AND OXYCHLORIDES, BiCl, and BiOCI. 


(Bi, Cl) 90,630 c Product : BiCl,. 

(Bt, O, Ci, H,0) 388, 180 * BiOC1.H,0. 
(BiCs, : H,0, Ag) 7,830 s BiOC] . H,O. 
(BiCl, : 31,0, Aq) — 6,350 re Bi(OH),. 


(Bi0,H,, HCIAq) +14,180 » BiOCl.H,0. 


Reaction. 
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| Thermal effect. | Remarks. 


(Bi,, O;, 3/7,0) 
(25 Li, 02, f1,0) 


BismMuTH HyproxtpE, Bi(OH);. 


”» 


137,740 c Product: 2Bi(OH);. 
| 103,050 | Bi(OH),. 


(0) Carbon, Amorphous. 


I. HYDROCARBONS. 


Thermal effect for gaseous 
products at 


Reaction. Remarks. 
constant constant 
pressure, volume. 
(Gy 223) 21,750C 21,170c| Methane. 
(CZ) 28,560 27,400 Ethane. 
(Coy AZ) — 2,710 — 3,290 Ethylene. 
(C,, ,) — 47,770 —47,770 | Acetylene. 
(OR 28) — 12,510 — 13,670 (for liq. benzene — 5310¢). 
(C,/7,, £7) -+45,060 -+44,480 Product: C,H. 
(C,H,, /,) 31,270 30,690 93 CoHg. 
(C..27, ¢ £7.) 14,940 14,940 = PACH lve 


(C, CZ) 

(C., Cl,) 
(G2CL SF 2C15) 
(CCZ, 3 4272) 
(CA, 2 4C%) 


(CO, Ci,) 


2. CHLORIDES. 


21,030c 20,450c | (for liquid CCl, : 28,230 c). 
— 1,150 — 1,730 ( se aly OsooGKc), 
+ 43,210 +42,630 Product : 2CC),. 

88,720 88,720 ae CH, + 4HCl. 

87,280 87,280 ag CCl, + 4HCl. 

3. OXIDES AND SULPHUR COMPOUNDS. 

29,000 c 29,290c |) Direct formation from 

96,960 96,960 amorphous carbon (Have) 
— 26,010 — 25,430 For liquid CS, : — 19,610 c. 
+ 37,030 37,320 Product : COS. 

55,140 54,950 5 COI. 

67,960 67,670 v5 CO;. 

8,030 $,030 iF COS. 

26,140 25,560 5 COCK. 
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4. Oxatic Actp, C,H0,, 


Reaction. ice pict Remarks. 
(Cy, Og Fa) 202,540 c Product : anhydrous acid. 
(C5 Qi, Lo 2teaO) 208,870 = crystalline ,, 
(CcOV 27.0) 6,330 Heat of hydration. 
(CoO. 773, Ag) — 2,260 t sail 
(C,0,H,.2H,0, Ag) =e. fy ere 
(2CO, O, Aq) 73,920 | Product : C,H,O,Aq. 

5. CARBON DIOXIDE, CO,. 

(Go.07) 96,960 c Amorphous carbon (Fuze). 
(CO,, Aq) 5,880 Heat of absorption. 
(C, O2, Ag) 102,840 oe 
(CO, ia) Ay) 73,840 Product: CO,Aq. 


The thermal effect on formation of the more complex carbon compounds, 
commonly called organic, will be described in Part IV., which is specially 
devoted to these substances. 


PART If 


COMPOUNDS OF METALS WITH 
NON-METALS 


CHAPTER xX 


COMPOUNDS OF METALS: OXIDES, HYDROXIDES, 
HALIDES, SALTS, SULPHIDES, ETC. 


AMONGST the numerous values published in the preceding 
chapters will be found numerical data which can be utilized in 
calculating the heats of formation of compounds of the metals ; 
such as the thermal effect on formation of acids from their 
elements, the heats of neutralization of a large number of acids 
and bases, the heats of hydration and of solution of salts and 
halogen compounds, etc. All that remains therefore is to 
determine the thermal effect for some reaction into which the 
metal enters as such, in order to obtain the necessary data for 
the calculation of the heats of formation of its compounds. 

A direct measure of the heat of formation of a compound 
of a metal from its elements can but rarely be accomplished 
with the requisite accuracy. We are therefore compelled, as a 
rule, to derive the value from the thermal effects of a series of 
processes in which the compounds in question are formed or 
decomposed by indirect methods. ‘Thus the heats of oxidation 
of the alkali metals are calculated from the thermal effect of 
their action on water ; for other metals the estimation is based 
upon the thermal effect of their solution in acids, or on that of 
the precipitation of the metal from one of its compounds, etc. 

The subject-matter of Part III. is arranged as follows: 
Chapter X. contains an account of the methods adopted in the 
case of each of the metals in order to determine the necessary 

1 ao S 
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factor for the calculation of the heats of formation of its com- 
pounds. Next, in Chapter XI., will be found a list of the heats 
of formation of the more important compounds of the metals 
arranged in systematic order ; and finally, in the last chapter, we 
review the affinity relationships of the different substances from 
the dynamical standpoint. 


A. Lituium, SoprumM, AND POTASSIUM. 


The alkali metals decompose water at ordinary temperatures, 
and the determination of the heats of formation of their com- 
pounds can be based upon this process. The reaction is very 
vigorous, being least so for lithium and greatest for potassium, 


and special measures must be devised to moderate the violence — 


of the reaction (see Zherm. Unters., vol. ili. pp. 222-237). 
The process comprises the decomposition of water with 
evolution of hydrogen and the formation of an aqueous solution 


of the hydroxide of the metal. The thermal effect is calculated _ 


from the equation 
V= (, 0; #1, Aq) il (Zh, QO). 


The amount of metal employed was determined by titrating a 


the solution formed by means of a solution of hydrochloric 
acid, the titer of which corresponded to AgNO; = 170 gr. 
Thus the determination was independent of the atomic weights 
adopted for these metals. 

In the table below will be found the experimental results, as 
well as the calculated heats of formation of the alkaline 
hydroxides in aqueous solution :— 


R (R, 0, H, Ag) ~ (Ha, 0)| (RO, H, Aa) 


Li 49,080 c | 117,440 c 


Na 43,450 | 111,810 
K 48,100 | 116,460 


The numbers in column 3 are obtained by adding the heat 
of formation of water, 7.e. 68,360 c, to the thermal values found 
experimentally. 


i 
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The heats of solution of the hydroxides of sodium and 
potassium were determined by direct methods to be 


(Wa0H, Aq) = 9940¢ 
(KOH, Aq) = 13,a90 ¢. ' 


From these values and those previously given we can now 
calculate the heats of formation of a large number of the 
compounds of these metals. To take an example. 

The heat of formation of sodium chloride is to be found 
from the equations— 


111,810 c| (Wa, O, H, Aq) 
39,315 |+(H, CZ, Ag) 
13,745 |+(NaOHdAg, HC7Aq) 


“ Pan Cl, Aq) H 
~ (+(A,, O) | S8:aGe re 


whence it follows that— 
a= (Ne, CL Ag) = 96,k10 ¢; 


that is to say, we assume that aqueous solutions of sodium 
hydroxide and of hydrochloric acid are first formed from the 
elements Na, O, H., and Cl, together with water, and that these 
solutions subsequently neutralize each other. The total thermal 
effect is then equal to that which would result from the forma- 
tion of water and an aqueous solution of sodium chloride from 
the same elements (cf. page 9). 
Now, since 


(Wa, Cl) + (NaCl, Aq) = (Na, Cl, Aq) 
(WVa, Cl) — 1180 ¢ = 96,510 c 


we obtain 
(Wa,C7) = 97,690 ¢, 


that is, the heat of formation of 1 gram-molecule of NaC7 from 
its elements at 18° C. 

In a similar manner the heats of formation of other com- 
pounds can be calculated. The values so found for the more 
important compounds of the alkali metals are given in the 
tables in Chapter XI. 
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B. ALUMINIUM AND MAGNESIUM. 


These metals dissolve readily in a dilute solution of hydro- | 
chloric acid with evolution of hydrogen. In the experiments an — 
acid of concentration HCl + 200H,O was employed, and the p 
thermal values were { 

(AZ, : 6HCTAQ) = 239,760 c 
(Mg: 2HCTAg) = 108,290. ; 


So that we find, for example, for aluminium 


(AZ,: 6HClIAq) = (Al, Ch, Ag) — 6(H, Cl, Aq) 
239,760 = (Ad, Ch, Aq) sat 235,890 Cc, 

whence it follows that— 

(Ad, Ch, Aq) = 475,650 ¢, 
and since, according to Table I., page 50, the heat of solution 
of the chloride in water amounts to 

(Al,Ch,Ag) = 153,690¢, 

the feat of formation of anhydrous, crystalline aluminium 
chioride will be 


(AL,Ch) = 321,960. 


From the heat of reaction of (4/,:6/7C7Ag) we can then 
deduce the heat of formation of aluminium hydroxide in the 
following manner :— 


(Al, : 6HCIAQ) = (Aly O3, 34,0) + (ALO,H;, 6HCIAQ) 
— 3(2, O), 


and since the heat of neutralization of aluminium hydroxide is 
55,920 c, we obtain 


(Ak, Os, 34,0) = 388,920 c. 
In the same manner, in the case of magnesium we find 


(Mg, Ci) = 151,010C 
(Meg, O, H,0) = 148,960 c. 


For the remaining values, see the tables in Chapter XI, 
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C. Catcium, STRONTIUM, AND BARIUM. 


The oxides of these metals have a very strong affinity for 
water, in which, like the corresponding hydroxides, they are 
soluble. Since the heats of neutralization of aqueous solutions 
of the bases have already been given, we can determine the 
heats of hydration of the oxides, together with the heats of 
solution both of the oxides and hydroxides, by measuring the 
thermal effect due to their solution in hydrochloric acid 
(HCl + 200H,O). The results were as follows :— 


Reaction 1 (OE Nov Gaye R= Ba 
(RO, 2HC/Aq) 46,030 c 56,970 c 62,300 c 
(LO,AD, 2H C1Aq) 30,490 39,270 40,040 
(RO,H, .8H,0, 2HClAQ) — 12,990 12,570 
(2O,4,Aq, 2HC/Aq) ZOO 27,630 27,780 


from which on subtraction we can find the heats of hydration 


(RO, H,0) | 15,540 c | 17,700 Cc | 22,260 c 

(80,42, 8H,0) — 26,280 27,470 
and the heats of solution 

(RO, Aq) +18,330c | +29,340c | +34,520c 

(RO,H2, Ag) + 2,790 + 11,640 + 12,260 

(20,7, .8H,0, Ag) — — 14,640 —15,210 


The table shows that the heat of solution of the oxide 
(2O, Ag), as well as the thermal effect on formation of the first 
hydrate (RO, 7,0), rises appreciably from calcium to barium ; 
Or, in other words, that ¢he affinity for water is greatest for 
baryta and least for lime—that is to say, it is greatest for the 
more readily soluble substance. 

The heats of oxidation of the metals can, of course, be 
determined by the method employed in the case of the preced- 
ing metals, since the alkaline earths decompose water and 
dilute hydrochloric acid solutions at ordinary temperatures. 


' Direct experiment with lime-water gave 27,900 c. 
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The difficulty in obtaining accurate results arises from our not 
being able to procure the metals in a sufficiently pure state. 
Moisson, however, appears to have succeeded in preparing pure 

calcium by heating calcium iodide with sodium, and he also, at — 
the same time, took the opportunity of determining the heat of — 
oxidation ; the value he found was 


(Ca,0) = 145,000 ¢, 


and I have therefore made use of this number in calculating 
the heats of formation of the remaining calcium compounds 
(see the following tables) instead of the value that I myself 
had found about thirty years previously for electrolytic calcium. 
M. Guntz has only recently succeeded in preparing barium in 
a pure state, and, as a consequence, the heat of oxidation has 
not been accurately settled. The present experimental value 
is 104,000 c, but this is certainly too low, since in the method 
previously employed for the preparation of barium, namely, 
from the amalgam, it always contained a little mercury. 

Strontium, on the other hand, can be electrolytically 
deposited in a tolerably pure condition, and in this case 
I found 

(Sr: 2HClAg) = 117,050 ¢, 


from which is derived in the usual manner— 
(Sv, O) = 128,440 c. 


The amount of metal dissolved was determined by measur- 
ing the volume of hydrogen evolved during the reaction, and 
is thus independent of the small trace of chloride—derived from 
the solution in which the metal was electrolyzed—which may 
possibly be enclosed within its pores. The heats of formation 
of the remaining compounds are to be found in the tables. 


D. MANGANESE, ZINC, CapMiuM, NICKEL, AND COBALT. 


The calculation of the thermal effects on formation of the 
compounds of these metals is also based upon the heat evolved 
on solution of the metal in hydrochloric acid of the necessary 
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_ concentration. The values found, calculated for an acid of 
composition HCl + 200H,0, were as follows :— 


R (R :2HClAg) 
Mn 49,370 € 
Zn 34,210 
Cd 17,610: 
Fe 21,320 
Ni 16,190 
Co 15,070 


From these numbers we can, in the manner already de- 
scribed, derive the heats of formation of the chlorides RCl., 
of the hydroxides R(OH),, and of other compounds. These 
values are given in the tables. With respect to the heats of 
formation of the higher oxides, we note— 

1. Alanganese—From the foregoing heat of reaction on 
solution of manganese in hydrochloric acid we obtain for the 
corresponding hydroxide— 

(Mn, 0, H,0) = 94,770 ¢. 


Now, it was found, on investigating’ oxidation and reduction 
processes (Zherm. Unters., vol. 11. pp. 445-467), that the 
thermal effect on oxidation of this substance to manganic 
hydroxide amounted to 

(Mn 0,H,, O) = 21,560 ¢, 


and on addition of these two values we find the heat of forma- 
tion of manganic hydroxide, namely— 


(ite, Cy, 17,0). = 216,296. 
In a similar manner I determined the thermal effect on 


oxidation of manganous hydroxide to permanganic acid in 
alkaline solution, 


(2MnO,f,, O;, 2K OHA) = 14,760 ¢, 
and from this we can calculate the heat of formation of fer- 
manganic acid itself: we find 
(242 0,H,, O;, Ag) = —12,740 c. 
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This negative value shows that the oxygen taken up is very 
weakly bound. 

If now we add to the preceding number, namely 14,760 c, 
the heat of formation of 2 gram-molecules of A/m(O/Z). or 
2X 94,770 Cc, we obtain. 

(Mn,, O;,, 2KOHHAgQ) = 204,300 c, 


and from this again we can calculate the heat of formation of 
potassium permanganate from its elements (A, AZm., Oz) : namely 


x (Ky, Mn, meet ey her O, Aq)+ 164,560c 
— 20,790 | (K,Afn,O3, Ag) \(Mnz, O;,2 K OHA) | 204,300. 


From which it follows that— 

x = (Kj, Mn, O,) = 389,650 c. 
In a similar manner the heats of formation of the other 
compounds can be calculated. 

2. Jron.—lIron forms two series of compounds, ferrous and 
ferric chloride, ferrous and ferric oxide, etc. From the heat 
of solution of iron in hydrochloric acid (7.2. 21,320 c) we find 
in the usual manner— . 

(Fe, Ch, Ag) = 99,950 ¢. 
Now, since the thermal effect of the action of chlorine upon 
a solution of ferrous chloride is 
(2f¢Ci,Ag, Ci.) = 55,540 ¢, 
a value which has been determined with great accuracy, and 
for which concordant results have been obtained by three 
methods (Zherm. Unters., ii. 453), we obtain on addition— 
(Fez, Ch, AQ) = 255,440 c. 

Moreover, since the heats of solution of the chlorides are 

known (see page 51), namely— 
(LeCh, Ag) = 17,900 € 
(4e,C%, Ag) = 63,360, 
we obtain by subtraction— 
(Fe, C4) = 82,050 c 
(Fa, Ck) = 192,080. 
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In a similar manner the eats of formation of the hydroxides 
can be found: for these we find 
(fe, O, H,0) = 68,280 ¢ 
(74, O07 34,0) = 191,150. 
It is noteworthy that the last four numbers are mz/tiples of 
a common factor, namely— 
(Pe, Ch) = 84,050 ¢ = .6 %.93,675.c 
(i, C4) = 199,080. = 14 ¥.13,720 
(Pe CO, FO) = Gaj280 = 5. 19,056 
(Fe, Os, 3f4,0) = 191,150 = 14 X 13,054. 
A similar relation has been observed for the chloride and 
hydroxide of aluminium, namely— 
(AE, C4) = g21,000. C= 34 K 13,415 ¢ 
(AZ, O;, 377,00) = 388,920 = 29 X 13,411. 
Likewise the values for the chlorides and hydroxides of 


other metals are in multiple proportion, as will be seen from 
the table below :— 


R (R, O, H20) | (R, Cla) 
Mg IE eis-542¢ Lh, 7200c 
Mn 7 X 13,539 8 X 13,998 
Zn 6 X 13,780 We Mini tee 
Fe 5 X113,646 Gixers075 


It can, therefore, scarcely be regarded as a chance relation- 
ship when the thermal values of so large a number of processes 
prove to be multiples of a constant magnitude. 

3. Cobalt and nickel, similarly to manganese and iron, form 
higher oxides. To determine the heats of formation of the 
corresponding hydroxides, solutions of the metallic chloride, 
RCIl,, were precipitated by the addition of a strongly alkaline 
solution of sodium hypochlorite, and the resulting thermal effect 
was measured, In this manner a black precipitate of the higher 
hydroxide is obtained; the proportionate amount of oxygen 
being estimated in each experiment. ‘Two series of experi- 
ments were carried out for every metal; in the one case, 1 
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gram-molecule of NaOCl reacted with 2 gram-molecules of 
RCl,; in the other, there was double the amount of sodium 
hypochlorite, so that the NaOCl and RCI, were in equivalent 
quantities. In the first case the hydroxide precipitated con- 
tained 2°99 atoms of oxygen to 2 atoms of cobalt, in the second 
there were 3°346 atoms of oxygen to 2 atoms of cobalt. We. 
can thus, in the manner described in Therm. Unters., vol. iil. 
pp. 298-303, calculate the heat of reaction on oxidation of 
cobaltous to cobaltic hydroxide, and it is found that— 


(2C00,2,, 0, 4,0) = 22,580 c, 


Oxidation is therefore attended by a tolerably strong evolution 
of heat when 2CoO. H.O is converted into Co,O,.H,O. On 
the other hand, in the second group of experiments it is 
evident that a further oxidation does not produce any increased 
evolution of heat. For whilst the first gram-atom of oxygen, 
as already stated, gives rise to 22,580 c, the thermal effect 
on addition of 1°346 gram-atoms of oxygen is only 22,370 C; 
so that it would appear that the further oxidation to hydrated 
cobalt peroxide, CoO, + H,O, is attended by a ‘small negative 
thermal effect. 

Experiments with wicket show a somewhat different be- 
haviour. Even with an excess of sodium hypochlorite the 
oxidation does not proceed beyond the formation of the 
sesquioxide, and this oxidation is accompanied by a negative 
effect, namely— 


(2M 0,H,, O, H,O) = —1300 c. 


Iron, cobalt, and nickel form a small group of metals with 
atomic weights lying between 56 and 59, and of which the 
affinity towards oxygen changes throughout the series in the 
manner demonstrated in the following table :— 


R (2, O, H20) (2ROoH2, O, H20) (Re, O3, 3420) 
Fe 68,280 c 54,590 ¢ 191,150 ¢ 
Co 63,400 22,580 149,300 


Ni 60,840 — 1,300 120, 380 
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There is, therefore, some justification for the assumption 
that the succession in the periodic system should be Fe, Co, 
Ni, arid not, as is generally supposed, Fe, Ni, Co. 

4. Cadmium.—The heat of formation of cadmium hydroxide, 
cadmium chloride, and other compounds can be derived in the 
usual manner from the thermal effect on solution of the metal 
in hydrochloric acid ; thus we find 


(Cd, 0) 77,0) = 64,680 ¢ 
(Cad, Ch) = 93,240, etc. 


But cadmium, however, exhibits an anomaly which must 
be taken into account in calculating the heats of formation of 
the other halides. For whilst hydrochloric, hydrobromic, and 
hydriodic acids usually produce an exactly equal evolution of 
heat on neutralization by the same base, such as the hydroxides 
of zinc, magnesium, copper, barium, sodium, etc., this is not 
the case when the base is cadmium hydroxide, notwithstand- 
ing that its three halides are all soluble in water. For it is 
then found that the heat of neutralization rises very appreciably, 
proceeding from hydrochloric to hydrobromic and hydriodic 
acids. I have thoroughly investigated this peculiarity with the 
following result :— 


(Cd0,f7,, 2HCIAg) = 20,290 ¢ 
(Cd0,f,, 2 BrAgq) = 21,560 
(C20,2,, 2f7/Ag) = 24,210. 


A comparison with the heats of neutralization found for the 
hydroxides of zinc, magnesium, and copper is given in the 
table below :— 


Zn(OH), | Mg(OH)2 Cu(OH)2 Cd(OH2) 
{ ? = . 
2HCIAq 19,483 c Blac 14,602 c 20,295 c 
2HBrAq 19,647 — 14,748 21,561 
2HIAq 19,606 | Page ier — 24,208 


This irregularity must be taken into consideration in 


268 COMPOUNDS OF METALS WITH NON-METALS 


calculating the heats of formation of the chloride, bromide, 
and iodide of cadmium, when we find that— 

(Ca, CL) = 03,240 ¢ 

(Cd, Br.) = 75,200 

(Ca, J) = 148,840. 


E. Copper. 


Copper forms two well-known oxides, Cu,O and CuO ; and 
the calculation of the heats of formation of the two corre- 
sponding series of compounds is based upon the thermal effect 
due to the formation of these oxides. 

Copper does not dissolve in dilute hydrochloric acid, and, 
as a consequence, the mode of procedure adopted in the case 
of the metals already described is not applicable. On the 
other hand, a solution of copper sulphate is decomposed by 
metallic iron, and the thermal effect of this process was there- 
fore measured. The experimental result was as follows :— 

(CuSO,Aq : Fe) = 37,240 ¢, 
which is, of course, the difference between the heats of formation 
of the sulphates of iron and copper in aqueous solution, so 
that we have— 
(Fe, O, SO;4g) — (Cu, O, SO;Aq) = 37,240 ¢ 
(fe, O, SO,Agq) = 93,200 (see Table 29) 


(Cu, O, SO;Ag) = 55,960 c. 

Now, since the thermal effect on solution of CuO in dilute 
sulphuric acid is 18,800 c (see p. 120), we obtain ¢he heat of 
Jormation of cupric oxide— 

(Cu, OQ) = 37,160 ¢, 
and from this we can calculate in the usual manner the heats 
of formation of the other cupric compounds, for instance for 
cupric chloride— 

(Cu, O) + 2(Z, Cl, Ag) + (CuO, 2HCIAg) = (Cu, Cl, Ag) 

+ (#2, O) 
37,160 c + 78,640 c + 15,270 c = (Cu, Ch, Ag) 
+ 68,360 c, 
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so that 
(Cu, Ch, Ag) = 02,710-¢; 
and since the heat of solution of anhydrous copper chloride is 
11,080 c (see p. 52), we find by subtraction 
(Cw, CZ) = 57,026 ¢, 

In order to determine the heat of formation of cuprous 
oxide, Cu,O, and the corresponding halides, six series of 
experiments were carried out. In three of these, solutions of 
hydrochloric, hydrobromic, and hydriodic acids were decom- 
posed by means of cuprous oxide, when water and _ the 
respective insoluble cuprous halides were formed. The 
thermal values in the three cases were 

(Cw,0, 2HCIAq) = 14,660 c 
(CuO, 2HBrAgq) = 20,760 
(CuO, afi TAg) , = 93,730: 


The second group of experiments comprised a determina- 
tion of the thermal effect on decomposition of cuprous oxide 
by means of dilute sulphuric acid, metallic copper and a 
solution of cupric sulphate being formed. The result was 


(Cz,0 : SO;Ag) = (CuO, SO;Aq) — (CuO, Cu) = 15,160 c, 


and since 
(CaO, Cu) = (Ci, 0) — (Cu; QO); 


it follows, from the number found on p. 268, that the /eat of 
Sormation of cuprous oxide is 40,800 c. 

This value was finally controlled by two other determina- 
tions, namely, by the thermal effect of the reaction between 
cuprous chloride, potassium permanganate, and an aqueous 
solution of hydrochloric acid, in which cupric chloride is 
formed, and by that of the formation of cuprous iodide by the 
action of copper sulphate upon potassium iodide and aqueous 
sulphurous acid. ‘The heat of formation of cuprous oxide can 
be calculated from the thermal values of both of these pro- 
cesses, and taking the average of the separate measurements 
we obtain a probable mean value of 40,810 c for the three sets 
of experiments, thus— 

(Cu, °O) = 40,880 ¢: 
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By means of this number we can now find the heats of 
formation of cuprous chloride, bromide, and todide— 


(Ci, Ch) = 65,750 ¢ 
(Cu, Brz) = 49,970 
(Cty Lp) = 32,520, 
The remaining calorimetric constants for copper will be 
found in the tables. 


F, Trin. 


Tin forms two characteristic series of compounds, corre- 
sponding to the chlorides SnCl, and SnCl,. The heat of 
formation of stannous chloride is derived from the thermal 
effect on precipitation of an aqueous, or a very dilute hydro- 
chloric acid, solution of stannous chloride by means of metallic 
zinc, when zinc chloride and metallic tin are formed; the 
thermal value is 

(SaGhAg : 28) = 31,700.c, 
whence it follows that— 
(Sz, Ci, Ag) = 81,140 c. 
Finally, the thermal effect of the action of chlorine upon a 


solution of stannous chloride was determined; this amounts 
(Zherm, Unters., i. 443) to 


(SuCZ,Aq, Ch) = 76,030 ¢, 
from which it follows that— 
(Sn, Ch, Ag) + (SnChAg, Cl) = (Sn, Cl, Ag) = 157,170 C. 
Now, since the heats of formation of these chlorides are 

(see p. 52) 

(SuCh, Aq) = 350¢c 

(SxCi,, Ag) = 29,920, 
it follows, by subtraction from the thermal values given above, 
that the heat of formation of the chlorides in the anhydrous 
state is 

(Sn, Ch) = 80,790 ¢ 

(Sz, CZ.) = 127,250. 
The affinity between tin and chlorine is thus very considerable. 
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The chlorides are so completely hydrolyzed on dissolving 
in water that the solution, on neutralization with caustic soda, 
gives almost the same thermal value as free hydrochloric acid. 
Calculating for the reaction between hydrochloric acid and the 
hydroxides corresponding to these oxides, we find 


(S20,ff,, 2HClAg) = 2770 c 
(S2O,7f,, 447C1Aq) = 3310. 


Both hydroxides are soluble in caustic soda solution, and 1 
found the following heats of reaction :— 


(S2O,fh, 3NaOHAg) = 215 ¢c 
(S70, 4aOHAQ) = 9560, 


and, as we should expect, the thermal effect is greatest for 
stannic hydroxide. 

A solution of stannic chloride in water is precipitated by a 
solution of sodium sulphate, a property which has a practical 
application in the quantitative estimation of tin. The thermal 
effect is in this case negative, namely —6180 c, and is in 
satisfactory agreement with the value found when a solution 
containing 4 gram-molecules of hydrochloric acid react with 
2 gram-molecules of sodium sulphate (z.e. —6730 c). We thus 
have additional evidence in support of the view that almost the 
whole of the hydrochloric acid may be regarded as existing in 
the free state. The process may also be explained by the fact 
that hydrochloric acid, owing to its strong affinity for caustic 
soda, is able to decompose the sulphate, so that sodium chloride 
is formed, and stannic hydroxide is thrown out of solution (see 
Therm. Unters., i. 221). 

Tin tetrachloride, SnCl, corresponds to a dibasic acid 
H.SnCl,, which however cannot exist in dilute aqueous solution, 
but, as already described, is changed to a solution of stannic 
hydroxide in hydrochloric acid. 

The same thing happens with the soluble salts of this acid, 
as, for example, potassium stannichloride, K,SnCl. This is 
shown by comparing the thermal values on solution in water 
of SnCl,, 2KCl, and K,SnCl, with the heat of reaction of 
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stannic chloride upon potassium chloride in aqueous solution, 
namely— 


(SnCl,, Ag) + + 29,920 C 
x 1|(SnCl, arcs (2KCL, Ag) + — 8,880 
ae 3376 ce (K,S2Ch, Aq) (SnCZ,Aq, 2K CTAq) om 252 


from which it follows that— 
xo (SaCi, 2XCl) = o4,164 c. 


It thus appears that stannic and potassium chlorides, in the 
anhydrous state, unite together with a large evolution of heat, 
namely 24,164 c, whilst an aqueous solution of the same 
substances has a very small heat of reaction, namely — 252 c 
(see also the tables in Chapter XI.). 


G. LEAD. 


The heat of oxidation of lead is derived from the thermal 
effect on precipitation of the metal by means of zinc from a 
dilute solution of lead acetate made slightly acid with acetic 
acid. The concentration of the solution was Pb(C,H,O,), 
+400H.0O ; the thermal effect for 1 gram-atom of lead is 34,950 ¢, 
which is consequently the difference between the heats of 
formation of the acetates of zinc and lead. 

It has already been shown that— 

(Zn, O, H,0) = 82,680 c 

(Zn 0,H,, 2C,H,0,Aqg) = 18,030, 
and on addition we obtain the thermal effect on formation of 
zinc acetate in aqueous solution from zinc, oxygen, and acetic 
acid— 

(Zn, O, 2C,H,0,Aq) = 100,710 c. 
Now, since the heat of formation of lead acetate under similar 
conditions is 34,950 c less than that of zinc acetate, we obtain 
for the former value— 


(2b, O, 2C,H,0,Ag) = 65,760 ¢, 
and if, finally, the heat of neutralization on formation of the 


salt 
(P60, 2C,H,0,A¢) = 15,460 ¢ 


a_i — >a 


7) a ee 
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be subtracted, we have left the eat of formation of anhydrous 
lead oxide— 


(Fb, O) = 50,300 ¢, 


I have deduced she heats of formation of the chloride, 
bromide, and iodide of lead from a series of experiments, in 
some of which the heats of solution of the substances named 
were measured, in others the heats of reaction on precipitation 
of aqueous solutions of lead nitrate by the addition of the 
respective potassium halides. 

The three lead halides are known to be very sparingly 


soluble in water; but nevertheless, by the adoption of special 
methods, the determination of the heats of solution of the 


chloride and bromide was successfully performed, namely— 
(PbCl,, Aq) = — 6,796c¢c 
(PbBr,, Ag) = — 10,040. 

Lead iodide, on the other hand, is too sparingly soluble for 
any such determinations. 

In the other series of experiments I found the thermal 
effect on precipitation of a solution of lead nitrate by means 
of the potassium halide; which, after making the necessary 
correction for the slight solubility of the chloride and bromide 


of lead, amounted to— 


(PON,O,Ag, 2KCIAg) = 4,460 ¢ 
(PbN,0;49, 2K BrAq) = 8,020 
(PbN,0;49, 2KIAg) = 13,790. 


From these figures the heats of formation of the three 


_ halides can be found in the usual manner, namely— 


Reaction C= Cl O— be Q=I 
(7bN,0,49, 2KQAq) 4,460 c 8,020 c 13,790 c 
(24, O, V,0;4¢@) 68,070 68,070 68,070 
2(K, Q, Ag) 202,340 180,460 150,040 

Sum 274,870 c 256,550 c 231,900 c 
(X,, O, V,0;Aq) 192,100 192,100 192,100 
(Pb, Qz) 82,770 c 64,450 c | 39,800 c 
eas A 
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The formation of the same compounds by the action of 
lead oxide upon an aqueous solution of the halogen acids, 
gave the following thermal values :— 

(Pb0, 2HCIAqg) = 22,190 Cc 

(P60, 2HBrAq) = 25,750 7 on complete precipitation. 

(Pb0, 2HIAg) = 33,520 

If now we add to these numbers the heats of solution of 
the chloride and bromide of lead, namely —6800c and — 
— 10040 ¢ respectively, it follows that— 


(P60, 2HClAqg) = 15,390 c) without precipitation of the | 

(P00, 2 Braz) = 16,710 halides. 
The heat of solution of lead iodide, as already mentioned, was ; { 
not measured. 

The last figures show that the thermal values on solution of 
lead oxide in hydrochloric or hydrobromic acid are of equal — 
magnitude ; that is to say, lead oxide has the same heat of 
neutralization for hydrochloric as for hydrobromic acid, when 
the compounds formed remain in solution. ‘Thus, here again, 
the behaviour is the same as in the case of the bases already 
described, with the single exception of cadmium. 

For the heats of formation of the other compounds of lead, 
the tables in Chapter XI. must be consulted. 


H. THALLIUM. 


Thallium is, in many respects, an interesting metal. Its 
high density and small affinity for oxygen remind us most of 
lead and the noble metals ; from the composition of its lower 
oxide (T1,O0), the solubility of this latter in water, and the 
crystallographic properties of its salts, as well as from the 
spectrum of the metal, it approaches nearest to the alkali _ 
metals; the sparing solubility of the sulphur and halogen 
compounds, on the other hand, resembles that of the a 
sponding compounds of copper, mercury, and silver, whilst it. 
is distinguished from these metals by the properties of 1 
higher oxide. 

The investigation comprises a large number of calorimetri¢ 
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experiments, of which the most important results will now be 
given (see Zherm. Unters., vol. iii. pp. 338-354): 

The determination of the heats of solution of thallous oxide 
and thallous hydroxide gave the following results :— 


(740, 4g) = —3080 ouch 
t 

a( 24077, Agy= mr Heat o solution 

(FEO ABO) = 3330 » hydration. 


Thus both the oxide and hydroxide dissolve in water with 
_ absorption of heat, whilst the corresponding compounds of 
the alkali metals are dissolved with a very large evolution of 
heat. ‘The affinity for water is but small, the heat of hydration 
of thallous oxide being only 3230 c, and the hydroxide is 
readily dehydrated by gentle warming, whilst the alkali 
hydroxides are not decomposed in this manner. 
The heats of solution of thallous nitrate and thallous sulphate 
are also negative, namely— 


(Z7NO;, Ag) = —9970c 
(72,50, Ag) = —8280, 


in which respect thallium is in complete agreement with the 
alkali metals. ‘This resemblance is still further emphasized by 
a comparison of the differences between the heats of solution 
of the nitrates and sulphates, which are shown in the table 
below to be the same for the compounds of thallium and of 
the alkalies :— 


R=TI R=E Ratan l esas 
(2,N,0,, Ag)| —19,940c —17,040 c —10,060c | —12,649c 
(RS0,, Aq) — $8,280 — 6,380 + 460 | — 2,370 
Difference —11,660 c — 10,660 c — 10,520 c —10,270 c 


Thallous chloride has likewise a negative heat of solution. 
And since the compound is very sparingly soluble in water, 
the determination of this value necessitated a very large 
number of experiments ; the result was— 


(Z7Cl;, Ag) = —10,100 c. 
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On the other hand, I was not able to measure the heats of — 
solution of the corresponding bromide and iodide, owing to 
their still greater insolubility. 

The heat of neutralization of thallous hydroxide by means 
of sulphuric and nitric acids is exactly equal to that of the 
alkalies, namely— 


(2Z7OHAg, H,SO,Aq) = 31,130 c¢ 
(Z7OHAg, HNO;AQ) = 13,690. 


On neutralization with hydrochloric acid the greater part 
of the thallous chloride is precipitated; but since the heat of 
solution of the latter is known from the preceding experiments, 
we can calculate, from the observed thermal effect, what the 
corresponding value would be for a complete precipitation: of — 
the chloride ; we thus find ’ 


(Z7OHAg, HClAq) = 23,840 c on complete precipitation. 


If, now, we add to this number the heat of solution of — 
thallous chloride (—10,100c), we obtain the absolute heat of 
neutralization of thallous hydroxide; that is, the thermal effect 
when the thallous chloride remains in solution, namely— 


(Z7OHAgq, HClAq) = 13,740 c when there is no precipitation. 


This value is in complete agreement with the thermal effect 
on neutralization of the alkalies by means of hydrochloric acid 
(13,780 c), and it is therefore evident that the eat of neutraliza- 
tion of thallous hydroxide is in all three cases, namely, with 
respect to sulphuric, nitric, and hydrochloric acids, the same as 
that of the alkalies, provided that the reacting substances, as 
well as the products formed, all remain in solution.’ 

The heat of neutralization of ¢hallic hydroxide was only 
measured in the case of hydrobromic acid, and the value 
found was 

(7/0;H3, 347BrAq) = 30,680 c. 

The heat of formation of thallous oxide was determined by 
dissolving, the metal in sulphuric acid of strength SO,.50H,O, 
when a solution of thallous sulphate is formed and hydroge 


1 See footnote on p. 299. 
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is liberated. The heat evolution is very small, namely, ro60c 
for 2 gram-atoms of metal. 

From this value, on addition of the heat of formation of 
1 gram-molecule of water, and after applying the necessary 
correction for the concentration of the acid, it is found that — 


(7%, O, SO;A¢)-= 70,290 ¢; 


which, on subtraction of the heats of neutralization (at,030e) 
and of solution ( — 3080 c) of thallous hydroxide, gives— 
(72, 0, 4g) = 39,160 ¢ 
(77; O)} = 42,240. 


The heats of formation of the halides of thallium can now 
be determined in the usual manner, by measuring the thermal 
value of the action of the bromide and iodide of potassium 
upon thallous sulphate, when we find that— 

(7%, GZ) = 43,580 ¢ 
(77, BF) = 41,290 
(75,2) = Jo,180, 

Thallic bromide, T\Br,, in aqueous solution, is readily 
reduced to the thallous condition by means of sulphur dioxide. 
From the thermal value of this process, in which sulphuric acid 
and thallous bromide are formed, we can calculate the heat of 
formation of thallic bromide in aqueous solution, namely — 


(77, Br;, Ag) = 56,450 c, 
and from this we find in the usual manner— 


(Z?, O, Hs) = 145,710 Cc 
(Zhy Os, 32,0) = 86,340. 

Thallic hydroxide is known to be precipitated as a dark- 
brown substance on direct oxidation of an aqueous solution of 
thallous hydroxide, this process being accompanied by a con- 
siderable evolution of heat, thus— 

(74, O, Ag) + (740A, O2) = (Th, O3, 37,0), 
39,160 c + 47,180 c = 86,3400, 
so that the heat of oxidation is 47,180 c for each gram- 
molecule of oxygen taken up. This large evolution of heat 
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explains the readiness with which aqueous solutions of thallous 
hydroxide are oxidized on exposure to air. For other values, 
see the tables in Chapter XI. 


J. MERcurRY. 


1. In order to determine the thermal effect on combination 
of a metal with other substances, such as oxygen, chlorine, etc., 
we must, as already described, study some process in which 
the metal enters as such, either as the starting-point or else as 
the end-product. ‘The calculation of the thermal effect on 
formation of compounds of zinc, aluminium, iron, etc., is 
based upon the values obtained on solution of the metal in 
acid; whilst in the case of copper and other metals the 
reverse process must be adopted, namely, the precipitation of 
the metal from its compounds by means of a metal of known 
thermal properties. Since mercury does not dissolve in very 
dilute acid, we must therefore choose some process for this 
metal in which mercury is separated in the metallic state. 

When in the year 1874 I carried out some researches on 
mercury, I took as my starting-point the thermal effect of the 
well-known reaction of sulphurous acid upon a mercurous salt 
in aqueous solution, in which a black substance was precipi- 
tated, which at the time was taken for mercury. Fourteen 
years later (1888), however, Verns¢ showed that this precipitate 
was not pure mercury, and it was therefore necessary to intro- 
duce a correction for those values which were calculated from 
the thermal effect of this process. I was thus obliged to seek 
some other process as my starting-point, in which mercury is 
precipitated in a pure state. This is known to be the cas 
when mercurous iodide, Hg,I,, is treated with a solution of 
potassium iodide ; there is then formed a solution of potassium 
mercuric iodide, (K,HgI,), whilst half of the mercury is separate 
as metal. On the other hand, when mercurous iodide is treate 
with iodine in potassium iodide it dissolves completely wit 
the formation of 2 molecules of potassium mercuric iodid 
for each molecule of the mercurous salt. The difference 
between the thermal values of these two processes corresponds 


HEAT OF FORMATION 279 


_ therefore, to the formation of 1 molecule of potassium mercuric 
iodide in aqueous solution, and the difference as found ex- 
perimentally amounted to 29,090 c per gram-molecule, so 
that— 

(Hg, h, 2KIAq) = 29,090 ¢. 


2. For the further investigation it was necessary to have 
additional data at our disposal, the determination of which 
will now be described. Ofthe mercuric halides, only the chloride 

_ and cyanide are soluble in water; their heats of solution gave 
the following values :— 
(HeCh, 4g) =-—3300c... . (@) 
(4gC,N,, Aq)=—-2970.. . . - (0) 


All three mercuric halides are, however, soluble respectively 
in solutions of the chloride, bromide, and iodide of potassium. 
The thermal values of these processes were measured directly, 
and the results were— 


(HeG2, 20 CiAg) = = 4,280, ~ . <0) 
(Hehr,, 2K hrdg)= + 1,640 ~« « » (@) 
(Bgl, #hTAg) = + 34g0 8. 
(HeCh, 2KBrAg) =+ 4,760 . . . (f) 
(HgBr,, 2KClIAqg) = — 4,340 . . . (¢ 
(2290, thiAg) = -pag45e 2 « 


In the first five instances there is complete solution ; in the 
last, however, mercuric iodide is precipitated, owing to which 
there is a considerable evolution of heat. 

The following values, which have already been determined, 
are also available (see tables) :— . 


SLA, C2 Ag) = 20g,240°e Ss OG) 

ae, Dr, Age == 180,400 . . . (&) 
2(K, J, Aq) = 150,040 OP ae 0) 

(A, O, Ag) = 164566 . . . (m) 


3. As already found— 
(He, 4, 2K1Aq) = 29,090 ©, 
and since 
(Hy, 4) + (High, 2KIAq) = (Hg, h, 2KTAq), 
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it follows, by means of the value (e), that the heat of formation 
of mercuric iodide is 


(Hg, 4.) = 25,640 c. 
From this, by making use of the values (4), (7), and (/), we 


can now calculate the heat of formation of mercuric chloride ; 


for since 
(i) = (Hg, 1.) + 2(K, Ch Ag) — (He, Ch) — 2(K, L, Ag), 
it follows that— 
(7g, Ch) = 54,490 c. 
4. The heat of formation of mercurous chloride, Hg,Cl, 
was derived from the thermal effect of the action of chlorine 


upon mercurous chloride mixed with a solution of potassium 
chloride. ‘The experimental results were as follows :— 


(Hg, Ch, Ch, 4KClIAq) = 41,010 ¢. 


In this process, 2 gram-molecules of A, H¢C/,Ag are formed. 
The observed thermal value, R = 41,o10c, is composed of 
the following terms, of which the second corresponds to (¢) :— 


R = 2(He, Ch) + 2(HgCh, 2KClIAg) — (Hee, Clr) 
41,010 C = 108,980 c — 2,760 c — (Ze, C7,) 


Whence it follows that the /Aeat of formation of mercurous 
chloride is 
(fg, Ch) = 65,210 €, 


5. The difference between the heats of formation of mer- 
curous chloride, bromide, and iodide was then estimated by 
means of the thermal effect on precipitation of mercurous 
nitrate, (/Zg,/V,0,), with an equivalent amount of aqueous 
solutions of the chloride, bromide, and iodide of potassium 
respectively. The heats of reaction were— 


o=cl O=Br | ~ o=I 


(Hg,N.0,49, 2KQ4q) | 24,320€ | 31,940¢ | 42,510¢ 


In this process 2 gram-molecules of KNO, and 1 gram- 


k 


} 
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molecule of Hg.Q, were formed. ‘The observed thermal effect 
can be resolved into the following terms :— 


{ + (Hg, Q.) + (Ka, O, N,0:Ag) 
(HgN,0.4q, 2KQAq)= | _ 3K 0, Ag)—(He, O, N,O;A9) 


and calculating by means of the numbers already quoted in 
(:), (2), and (2), we find— 


(0.516) QO=Br Q=T 
(Hg,N,0,49, 2KQAq) 24,320 c 31,940 c 42,510 ¢ 
2(4, Q, Aq) 202,340 180,460 150,040 
226,660 212,400 192,550 
(42, O, V20;Aq) 192,100 192,100 192,100 
(He, Q2) — (Hx O, N20;49)| 34,560 | 20,300 ¢ | 450 c 


Now, since (/7g;, CZ) is equal to 65,210 c (see above), it 
follows that— 


(He, 0, NV,0;A 9) = 65,210 ae 34,560 oS 30,650 Cc 
(2g, Bra) = 30,650 + 20,300 = 50,950 
(Hg,, L,) = 30,650 + 450 = 31,I00, 
Moreover, since the heat of neutralization of mercurous 
nitrate, as previously described, is 5790 c, and 
(He, O, N,0,49) = (Hg, O) + (He,0, N,0;A0), 
the heat of formation of mercurous oxide 1s 


(Ag,0) = 24,860 c. 


6. From the preceding value for (7g, 87.) we can now 
calculate the heat of formation of mercuric bromide in the same 
way as the heat of formation of mercurous chloride was derived 
from that of mercuric chloride, that is to say, by treating 
mercurous bromide with a solution of potassium bromide and 
bromine. The thermal value of this process was shown to be 


(He,Br,, Bro, 4K BrAq) = 36,080 c; 


two molecules of K,HgBr, being formed in solution. This 
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value, namely #, can, similarly to the above, be resolved into 
the following terms :— 
R = 2(Hg, Br) + 2(HgBr,, 2K Br) — (He, Br) 
36,080 c = 2(Hg, Br.) + 3,280 c — 50,950 Cc, 


whence it follows that the Aeat of formation of mercuric bromide 


is 
(He, Bra) = 41,875. c. 


7. This last value can also be deduced from the thermal 
effect of the reciprocal processes quoted under (/) and (g) ; in 
the one case, mercuric chloride is dissolved in an aqueous 
solution of an equivalent amount of potassium bromide ; in the 
other, mercuric bromide is dissolved in potassium chloride 


solution. In both cases the resulting liquid has the same — 


composition, namely, that which would arise from the simul- 

taneous reaction between the five substances, Hg, K., Cl. Bra, 

and Aq. According to thermochemical principles (cf. page 9), 

we therefore have— 

(fg, Ko, Ch, Br, Aq) = (He, Ch.) + (Ka, Bra, Aq) + (HeCl,2KBrAgq) 
= (Hg, Br:) + (Ky Ch, Aq) +(HeBrs2KC1AQ) 


that is to say, the thermal effect is of equal magnitude in the 
two cases. On subtraction we find that 


(Hg,Ch,) — (Hg, Brs) + (Ka, Bray Ag) — (Ky Ch, Aq) +(F) — (8) =0; 
whence we can calculate from the values already given— 
(Hg, Bry) = 41,770 c. 
This number agrees very well with that found above, 


namely 41,875 c, which testifies to the accuracy of the 
experiments. 
8. The heat of neutralization can be determined in the 
usual manner; the values found were 
(Hg,0, 2ffNO;Aq) = 5,790 ¢ 
(HgO, 2H1NO;Aqg = 6,400 
(f1¢0,2/1C7Ag) = 18,920. 


The small heat of neutralization with nitric acid is in agree- 
ment with the instability of the nitrates and their decomposition 


3 


fk 


q 
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on great dilution. On the other hand, the neutralization of 
mercuric oxide by means of hydrochloric acid produces a 
large evolution of heat, and the resulting solution has a neutral 
reaction. 

Coupled with this great difference in the heats of reaction 
with nitric and hydrochloric acids is the observation that a 
solution of mercuric nitrate is completely decomposed by an 
equivalent amount of sodium chloride (or other chlorides), so 
that after the reaction the liquid contains only mercuric chloride 
and sodium nitrate. Calorimetrically investigated, we find that 
on mixing the two liquids an amount of heat is evolved corre- 
sponding to the difference between 18,920 c and 6400 c, so 
that the decomposition is complete. 

This property can be utilized in a method of titrating the 
Sree acid in a solution of mercuric nitrate, by adding sodium 
chloride to the solution and then titrating with caustic soda 
until neutralization is complete, when mercuric oxide begins to 
separate. ‘The amount of alkali required corresponds to the 
free acid in the nitrate solution, Hg(NO;), + x HNO. 

9. From the heat of neutralization of mercuric chloride we 
can now deduce the feat of formation of mercuric oxide ; 
namely— 

\ (Hg, Ch, Ag) + (Zh, O 
(gO, 211010) = (Nye G) ah Cl, Ae) 


Substituting the values already determined, we obtain— 
(Hg, O) = 22,000 c. 


Thus the principal values resulting from the researches on the 
heats of formation of mercury compounds are as follows :— 


(4g, O) = 24,860 c| (He, Cl) = 65,210 c| (He,CZ) = 54,490c 
(4g, O) = 22,000 (Hin Br) = 50,950 |(Hg,47r,)= 41,880 
| (Hg, L,) = 31,100 | (Zig, 4) = 25,640 


Taking Verns?’s determination, (47g, B7,) = 40,500 c, as the 
basis of calculation, the thermal values will be about 1300 c 
lower for each gram-atom of /7ze mercury which enters into the 
reaction. 
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s 
K. SILVER. 


The determination of the heats of formation of silverscom- 
pounds does not present any difficulty. An aqueous solution 
of silver nitrate is precipitated by means of very finely divided 
copper (formed by decomposition of cuprous oxide with dilute 
sulphuric acid), The heat evolved in the reaction is the 
difference between the heats of formation of the nitrates of 
copper and silver— 


(Cu, O, V,0;Ag) — (Ag, O, N,0;49) = 35,630 c. 
Now, since the first term has already been found to be 52,410, 


we obtain— 
(AL, O, NV,0;Aq) = 216,760 c, 


Furthermore, since the heat of neutralization of silver oxide 


amounts to 10,880 c (see page 120), we obtain the Aeat of 
Jormation— 


(Age, O) = 5900 c; 
that is to say, a number which is lower than the heat of oxida 
tion of any of the metals already described. This, again, 
coincides with the easy decomposition of silver oxide with rise 
of temperature. 

The heats of formation of the halides are derived from the 
thermal effect on precipitation of silver nitrate by means of 
the chloride, bromide, and iodide of potassium in aqueous 
solution ; the experiments gave— 

Q=Cl Q=Pr Q=1 
(AgNV0,Aq, KQAQ) 15,870 C 20,130 C 26,440 C 
From this we find in the usual manner that— 
(Ag, Cl) = 29,380 c 
(Ag, Br) = 22,700 
(Ag, 1) = 13,800. 

The heats of neutralization of the oxide by means of nitric 
and sulphuric acids, and the heats of solution of the nitrate 
and sulphate were found— 

(AglWVO;, Ag) = —5440c (Ag,0, V,0;49) = 10,880 c 

(Ag,SO, Ag) = — 4480 (Ag,0, SO;Ag) = 14,490. 


For the remaining values, see the tables in Chapter XI. 
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L. Go.Lp. 
. 


Before I could, with advantage, undertake thermochemical 
measurements of the formation of compounds of gold, it was 
necessary to carry out a large number of experiments with the 
object of discovering trustworthy methods for the preparation 
of its most important compounds, more especially for the 
halides, and I eventually succeeded in preparing the following 
substances in an easy and reliable manner :— 


AuCl. AuCl, AuBr. AuBr, AuCl 
AnCl, AuBr, AuBr 
AuCl, .2H,O _— “= 


HAuCl,. 40,0 HAuBr,. 5H,O Au(OH); 


The experiments are described in detail in Therm. Unters., 
vol. uli. pp. 382-392, and also in the Journ. f. praktische 
Chemie, (2) vol. xiii. pp. 337 e¢ seg. Here I shall give only a 
summary of the results. 


1. Formation and Properties of the Compounds of Gold. 


(a) Aurous aurichloride, AuCl.AuCl;—A solution of 
hydrogen aurichloride was precipitated by means of sulphurous 
acid; the precipitate was then boiled with dilute nitric acid, 
washed, and carefully dried at 170°, until the spongy gold was 
completely freed from adherent water. In this condition gold 
is readily attacked by dry chlorine, the reaction being accom- 
panied by a large evolution of heat. It is not advisable to 
work with less than about roo grams of gold, which latter is 
placed in a short U-tube and exposed to a rapid stream of dry 
chlorine. As soon as the air is displaced, the process is 
started by gently warming for a short time the place where the 
stream of chlorine first comes in contact with the gold. 
Directly the reaction begins the source of heat is removed, and 
the absorption of chlorine becomes very rapid and complete, 
and lasts until 12 litres of chlorine have been absorbed for 
every 100 grams of gold, after which the absorption suddenly 
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ceases. Artificial heating must be carefully avoided, since the 
product is thereby decomposed. In this manner roo grams of 
gold can easily be converted into the compound AuCl. AuCl, 
within the space of half an hour. ‘That the composition is in 
agreement with the formula has been confirmed by analysis. 

Aurous aurichloride is a dark brown, hard substance, which 
can be easily triturated to a fine powder. It is very hygro- 
scopic, and is decomposed by water into neutral auric and 
aurous chlorides, and these latter, on further action of water, | 
are converted into auric chloride and metallic gold. 

(4) Anhydrous auric chloride, AuC\,, is easily prepared in 
the following manner: About too grams of aurous auri- 
chloride are treated with just sufficient water to form a thick 
liquid, which then contains auric chloride. The decomposition 
takes place with a large evolution of heat, by means -of which 
a part of the aurous chloride is converted into auric chloride 
and metallic gold. In each case the final decomposition can 
be accelerated by gently warming the liquid. When the gold 
has settled, the liquid is poured into a porcelain basin and 
cautiously evaporated, care being taken that the bottom only 
and not the sides of the vessel are exposed to the source of 
heat. The temperature is kept just below the boiling-point 
of the liquid. Evaporation then proceeds rapidly, and after 
a short.time crystals are formed on the surface of the liquid. 
The evaporation is continued almost to dryness, with con- 
stant stirring, after which the final dehydration is completed 
in a drying-oven at about 150°. The product is anhydrous 
auric chloride, which is a dark brown substance, very hygro- 
scopic, readily soluble in water with evolution of heat, and 
forming a dark brown solution even when very dilute. 

(c) Crystalline, hydrated auric chloride—If the evaporation — 
of the above-mentioned auric chloride is stopped as soon as 
crystals begin to form upon the surface, the solution, on 
cooling in dry air, gives rise to large, dark, orange-coloured 
crystals, which are deliquescent in damp air, and have the 4 
composition AuCl, + 2H,O. This compound gives up the 4 
whole of its water on standing for a few days over sulphuric — 
acid. 
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(2) Aurous chloride, AuC\, is very readily formed on warming 
anhydrous auric chloride up to 185° in an open vessel placed 
in a drying-oven. In this manner about 100 grams of auric 
chloride can easily be converted into aurous chloride within 
the space of two hours. 

(e) Aurous auribromide, AuBr . AuBr,.— When _ finely 
divided gold, prepared by reduction with sulphurous acid and 
subsequent drying at 170°, is placed in a vessel and covered 

with bromine, a vigorous reaction ensues. After the excess of 
bromine has been evaporated off there remains an almost 
black, friable mass, which can be easily reduced to a state of 
fine powder. ‘This is once more treated with bromine, and, 
after evaporating off the excess, the product is found to have 
the composition Au,Br,. 

This compound, unlike the corresponding chloride, is not 
deliquescent; it is decomposed at 115°, leaving an impure 
aurous bromide. It is also slowly decomposed by water, and 
quickly by ether, with the production of AuBr;, which dissolves, 
whilst the residue is mainly AuBr. 

(f) Anhydrous auric bromide, AuBr;.—A concentrated 
ethereal solution of AuBr,; is decomposed on warming ; but the 
liquid can be evaporated at ordinary temperatures by means of 
a strong current of air without decomposition of the bromide, 
since the temperature of the liquid is reduced to ~20° (for 
further details see Zherm. Unters., ii. p. 387). The precipi- 
tated bromide is freed from traces of moisture by warming 
to 70°. 

The anhydrous bromide, AuBr;, is a very dark brown, 
crystalline powder, which does not deliquesce in the air; it 
dissolves slowly in water, but quickly in ether, and the solutions 
are of a very dark brown colour. 

An aqueous solution is completely decolorized on addition 
of a very dilute solution of sulphurous acid, and then when 
potassium iodide is added a gold-coloured, powdery precipitate 
of auric iodide is formed. 

By means of a stronger solution of sulphurous acid the 
bromide is completely reduced to metallic gold; this is 
precipitated in the form of a very fine powder, which retains 
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its pulverulent form even after drying, and is a peculiar allo- 
tropic modification of gold (see below). 

(g) Hydrogen auribromide, HAuBr,.5H,O, deserves special 
mention amongst the compounds of gold, since it is very easily 
formed, is stable in the air, and very readily crystallizes. 

The compound can be easily prepared in the following 
manner: Pulverulent gold is treated with bromine, when 
aurous auribromide is formed. When the reaction is finished, 
the product is treated with 100 grams of a hydrobromic acid 
solution of 1°38 specific gravity for every 100 grams of gold, 
after which bromine is added until the gold is dissolved. 
The solution, which becomes much heated by the vigorous 
reaction, is poured into a basin and left to cool, when large, 
flat, needle-shaped crystals, often 3-4 centimetres long, are 
quickly formed. After about an hour nearly the whole of the 
liquid is converted into crystals. ‘The mother-liquor is poured 
off, and the crystals are dried in air at a temperature not 
exceeding 20°. Recrystallization can be brought about by 
adding a small percentage of water to the crystals and warming 
to 30°, when they melt in their water of crystallization; on 
cooling, the substance crystallizes out afresh. The compound 
is of a dark brown colour, and is stable in the air at low 
temperatures ; at 27° it melts in its water of crystallization ; at , 
lower temperatures it does not lose weight in the air, nor on | 
standing over lime or sulphuric acid. 

(4) Aurous bromide, AuBr.—When hydrogen auribromide 
is warmed slightly above its melting-point (27°) it loses water | 
and hydrobromic acid, and is converted into a solid mass. 
This latter is then warmed in a drying-oven to 115°, and re- 
peatedly broken up and pulverized. Bromine and hydrobromic 
acid are again given off, the colour of the substance becomes 
gradually lighter, and finally yellowish-grey, and the powder 
so formed looks very much like tale. When the weight becomes 
constant, the analysis shows the composition to be AuBr. 

Aurous bromide is a greyish-yellow, talc-like substance, 
stable in air, and readily converted into a fine powder. It is 
insoluble as such in water, but is thereby decomposed on 
careful heating into auric bromide and metallic gold. 
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(7) Auric hydroxide, Au(OH);, is easily prepared in the 
following manner: A very dilute solution of neutral auric 
chloride, containing t molecule of AuCl, in about 800 mole- 
cules of H,O, is mixed with an exactly equivalent quantity of 
caustic soda solution and warmed. The solution is at first 
light yellow, later dark brown. A solution of sodium sulphate 
is then added, when auric hydroxide is precipitated of a dark 
brown colour, not unlike ferric hydroxide. The mother-liquor 
is decanted off, and the precipitate washed upon the filter until 
the filtrate no longer contains either sulphuric or hydrochloric 
acid. ‘The powder is rinsed off the filter, covered with strong 
nitric acid, and warmed, after which it is again decanted and 
washed. 

Auric hydroxide is a dark brown, very heavy powder, 
which is insoluble in water, but dissolves easily in dilute 
hydrobromic acid, and more slowly in hydrochloric acid. 

(2) Hydrogen aurichloride, HAuCl,.4H,0.— The finely 
pulverized and dry substance crystallizes with 4 molecules 
of water. The earlier statement by Weder, that it contained 
only 3 molecules of water, applied to a partially dehydrated 
substance ; this was proved by the determination of the heats 
of solution given below (see p. 296) for the compound with 3 
and with 4 molecules of water. 


2. Thermal Effect on Formation of Compounds of Gold. 


(a) The thermal effect on formation of all the compounds 
of gold mentioned above has been measured. ‘The research was 
very protracted, since over twenty reactions had to be studied. 
No small difficulty was encountered from the fact that gold 
was found to be precipitated from its solutions in no less than 
three well-characterized allotropic forms, depending upon the 
character of the compound and of the precipitant. With 
reference ‘to the numerous experimental details connected 
with this research I must refer the reader to Zherm. Unters., 
vol. ili. pp. 392-413; here I shall give only a summary of the 
results, 

(6) The heat of reaction on solution of auric hydroxide in 

Alps rs Oe U 
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hydrochloric and in hydrobromic acids was measured directly ; 7 
the result was , 
(Au0,H;, 441Cl1Ag) = 22,970 c i 


(Au0,;H;, 4H BrAgq) = 36,780 \ Difference 13,810 c. 


In these cases, therefore, there are formed solutions — 
containing HAuCl, and HAuBr,. : 
The thermal values of the reaction between solutions of 
neutral auric chloride and hydrochloric acid, and of that 
between neutral auric bromide and hydrobromic acid were 

likewise measured directly, with the following results :— 


(AuCl,4g, HClAqg) = 4530 ¢ 
(Aubr,Aqg, HBrAq) = 7700. 


On subtracting these numbers from those above, we obtain | 


(Au0;H;, 3HClAq) = 18,440 c) 


(Au O;Hy 3HBrAg) = 29,080 J Difference 10,640 ¢c. 


Thus in these reactions neutral solutions of the halides AuCl, 4 
and AuBr, are formed. eT 
It is noteworthy that 7” these reactions hydrobromic acid 
produces a greater thermal effect than hydrochloric acid. Tol 
verify this behaviour control experiments were made, in which 
the difference in thermal effect was also measured indirectly, 
namely, by the thermal value of the reaction between equiva- _ 
lent solutions of auric chloride and hydrobromic acid, and also 
between that of auric bromide and hydrochloric acid. ‘The 
result was 
(AuCi,Aq, 3HBrdAq) = 15,209 c 
(AuBr,Aq, 3HC/AQ) 4279 
(HAuCl,Aq, 4H BrAg) = 13,805 ¢ t 
(HAubr,Aq, 441Cl1AG) = —509 


According to the law relating to the thermal effect of 
reciprocal processes (see pp. 9 and 113), the difference between 
the thermal values of the two connected reciprocal processe 
must in this case be equal to the difference between the direct 
measurements already described of the heats of reaction of the 
halogen acids with auric hydroxide, namely, 10,640c an 


Difference 10,930 ¢ 


I 


| 


” 14,314. 


. 
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13,810 c respectively. This satisfactory agreement testifies to 
the probable accuracy of the values found. Moreover, the 
last two experiments show that HAuCl,Aq in aqueous solution 
is almost completely decomposed to HAuBr, by an equivalent 
amount of hydrobromic acid (4HBr). 

(c) The heats of formation of auric chloride, auric bromide, 
and auric hydroxide can be derived from the thermal effect on 
precipitation of an auric chloride solution by means of aqueous 
sulphurous acid. The experimental results for neutral auric 
chloride were 


(AuCZ,4q, 2S0,4q) = 83,600 c. 


From this number the heat of formation of auric hydroxide 
can be derived in the following manner :— 


ad (At, O3, 3420) + 
2X 18,440 cj2(4u0;H;,3HClAg) + 
2X 83,600 |2(AuCl,Ag, 2S0,4q) 


= 3(S0,A9, O)|3 X 63630 ¢ 


The gold in the three processes on the left side of the 
equation is converted into the metallic state, whilst the 
sulphurous acid is oxidized to sulphuric acid. According to 
the calculation— 


a= (44, Op, 34,0) = — 13,190°C. 


The heat of formation of auric hydroxide is therefore negative, 
which is in accordance with the ease with which it is decom- 
posed. Gold is the only one amongst the metals investigated 
which has a negative heat of oxidation; silver, which comes 
next to gold, has a heat of oxidation of +5900 c. 

From the heat of formation of auric hydroxide we can, in 
the usual manner, calculate that of auric chloride and of the 
bromide, since the result of the three reactions on the left side 
is equal to 3(Z,, O) and 2(Au, CZ, Ag) ; namely— 


—13,190C |e O;, 3.42,0) + 
+6 xX 39320C6(H, CZ, Ag) + =} 
+2x 18440 (Au,O;.3H,0,6HClAQ) 


3(Z7,, O) (3 X 68360c¢ 
2(Au,Ch, Ag), 2% 
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Hence it follows that the heat of formation of auric chloride 
is 
(Au, Ch, Ag) = 27,265 c 
(Au, Ch, HCIAG) = 31,795. 


By substituting bromine for chlorine in the preceding 
equation, and making use of the corresponding values— 


(Hf, Br, Ag) = 28,380 c or (Au,O;. 34,0, 6H BrAq)= 58,160 c, 


we obtain the heat of formation of auric bromide in aqueous 
solution— 
(Au, Bry Ag) = 085 € 
(Au, Br;, HBrAgq) = 12,785. 

(d) Allotropic forms of gold.—On precipitation of a solution 
of auric chloride with sulphurous acid the metal is separated as 
a spongy, coarse, yellow powder, which contracts very much 
on drying. ‘This is the usual form in which gold separates. 

On the other hand, the precipitation of auric bromide 
with aqueous sulphurous acid throws down the gold as a finely 
divided dark powder, without metallic appearance, which does 
not change its form on stirring or standing, or even on drying ; 
on stronger heating it first contracts into large lumps, and 
is then converted into the first-mentioned modification. 

Finally, when aurous bromide or todide is reduced by means 
of aqueous sulphurous acid, or decomposed by the aid of 
aqueous hydrochloric or hydrobromic acid, the gold is 
separated as a very fine yellow powder with metallic lustre, 
which even after drying retains its metallic powdery 
appearance. 

My researches thus prove the existence of three distinct 
allotropic modifications of gold; that is to say, forms which 
contain different amounts of energy, and consequently give 
different thermal values when converted into the same 
compound. I shall represent these three modifications of the 
gold atom as Au, Aug, and Aug. Moreover, the difference in 
the amount of energy of a gram-atom of gold in the three 
allotropic forms is 


(Au) = (Aw) + 3475 € 
(Aug) = (Au) + 4667 c. 
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These differences are found in the following manner :— 

In modification Au, the gold is precipitated from an auric 
bromide solution by means of sulphurous acid; the ex- 
perimental thermal value was as follows :— 

(HAuBr,Aq, 2S0,4q) = 61,785 ¢. 


From this number we can calculate the heat of formation 
of (Au, Br;, Aq) in a similar manner to that used above, when 
AuCt?l,Ag was reduced by means of SO,4g. We thus have— 


de (Ana, Brs, Ag) + 
7700 C|(AuBr, Ag, HBrAg)+| _ (3(H, Br, Ag) + |3 x 28,380c 
3 x 68,360 |3(7,, O) + =\8(S0, Ag, O) |3x 63,630. 
61,785 |(HAuBr, Aq,3S0, Aq) 
' whence it follows that— 
(Atta, Br3, Ag) = 8560 ¢, 
whilst we found above— 
(44, Br, Ag) = yoss c. 

The difference between these two numbers is equal to the 
difference between the amount of energy associated with the gram- 
atom of gold in the two modifications, thus— 

(Au,) = (Au) + 3475 c. 

The following investigations will give us some information 
as to the energy relations of the third modification (Aug). 

(e) Aurous chloride, aurous bromide, and aurous iodide. — 
When a solution of neutral auric chloride reacts with an 
equivalent solution of potassium iodide, we have— 


AuCl, + 3KI = Aul + 3KCI+1,; 
the experimental thermal value is 
(AuCl,Aq, 3KIAq) = 45,660 c. 
This result is made up of the following terms :— 
(Au, Z) + 3(K,CZ, Aq) — (Au, Ch, Aq) —3(K, 7,49) = 45,660¢ 
(Au, 7) + 3 X 101,170 C—27,265 C—3 X 75,020C = 45,660, 
and the heat of formation of avrous iodide will be 


(du, J) = —5525 c. 
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When aurous iodide ts reduced by means of aqueous 
sulphurous acid, the gold is separated in the third modification 
as a fine powder with metallic lustre ; the thermal value is 

(2Aul, SO,Aq) = 23,397 ¢, 
and contains the following terms :— 
(SO,Ag, O) + 2(H, J, Ag) — 2(Aug, 7) — (Zh, O) = 23,397 
63,530 C+ 2 X 13,170 C — 2(Aug, 7) — 68,360 c = 23,397, 

whence it follows that— 

(Aug, 7) = —893 ¢, 
whilst it was found above that— 

(Au, 7) = —5525 ¢. 

The difference between these two values gives 
(Aug) — (Au) = 4632 ¢. 

This value can also be determined in another way, so that 
we are able to check the accuracy of the former measurement. 
By the veduction of aurous bromide with aqueous sulphurous 
acid, and similarly also on decomposition of aurous bromide 
and aurous chloride by means of the corresponding halogen 
acid, the gold is also separated as the modification Aug. The 
experimental thermal values for the processes described were 
as follows :— 

(2AuBr, SO, Aq) = 42,760 c 

(34uBr, HBrAq) = 3,652 

(3AuCl, HCIAg) = 4,976. 
In the first case the reaction is 

2AuBr + H,O + SO,Aq = 2Aug + 2HBrAq + SO,Aq. 
If now we put the difference 
(Aug) — (Au) = x, 
then the total thermal effect will be composed of the following 
terms :— 
42,760 c=(SO0,A49,O) +2(H, Br, Aq) — (Lh, O) — 2(Au,Br) —2 
= 63,630 c + 2 X 28,380 c— 68,360 c— 2(AuBr) — 2%. 
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From which we find that— 
(Au, Br) = 4635 —~x. 
In the second case, namely, the decomposition of aurous 
bromide by means of hydrobromic acid, the process is 
3AuBr + HBrAq = HAuBr,Aq + 2Aug 
and the corresponding thermal effect— 
3652 = (Au, Br;, HBrAg) — 3(Au, Br) — 2x. 


In the ¢#irvd example the formula is the same, only that C7 
must be substituted for 57. We then have— 


(Au, Br) = 3044 — 3x 
(Au, C7?) = 8940 — 3x. 
By comparing the two estimations of (dw, 47), we obtain 
(Au, Br) = 4635 — x = 3044 — 34, 
whence it follows that— 
w= 4773 C3 


whilst researches on the iodide gave a value of 4632 c, which 
is therefore in very satisfactory agreement. ‘Thus the mean 
value taken from 


2% = 1591 cand « = 4632 c 
is 4667 c, and we consequently have— 
x = (Aug) — (Au) = 4667 c. 


Substituting these values for x in the heats of formation 
found above for 4uCz and AuBy, we obtain, in round numbers— 


(Aw, CH= 58g0c 
(Au, Br) = —-— 7o 
(Au, 7) = — 5520, 


that is to say, the heat of formation corresponds to that of the 
common modification of gold. 
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(/) The heats of solution of the compounds of gold soluble in 
water are as follows :— | 


Substance. Heat of solution. 
AuC}, + 4,450 ¢ 
AuBr, — 3,760 
AuCl,.21.0 — 1,690 
HAuCl, .4H,0 — 5,830 
HAuCl, .3H,O | — 3,550 
HAuBr, .5H,O | — II,400 


By the aid of these numbers we find that— 
(du, CZ) = 22,825 ¢ 
(Au, Br.) = 8,845. 

A comparison of the heat of solution of HAuCl, with 4 
and with 3 gram-molecules of water shows that the last- 
mentioned salt is partially dehydrated, and the difference exactly 
corresponds to the difference in the heats of solution pre- 
viously found (see pp. 63 ef seg.) for 1 gram-molecule of 
water in partially dehydrated salts. The heat of solution of 
AuC]l, is positive (+4450 c), for AuBr,, on the other hand, 
it is negative (—3760 c); we may therefore conclude, and 
this is confirmed by experiment, that AuCl, is able to combine 
with water (see p. 58), but that AuBr,, on the contrary, is 
unable to do so. ‘The compound AuCl,.2H.O has a negative 
heat of solution (1690 c) similarly to the other hydrated 
compounds. 


M. PLATINUM. 


1. Modes of Formation of the Compounds of Platinum 
Investigated. 


It is of the utmost importance that the platinum compounds 
required for thermochemical research should be prepared in 
large quantities and in a pure state, This object was achieved 
in the following manner :— 

(a) Potassium platinochloride, K,PtCl, which was formerly 
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prepared by very tedious methods, is veadily obtained by the 
reaction between cuprous chloride and potassium platinichloride 
in aqueous solution. Potassium platinichloride is mixed with 
water, so that it forms a thick, pulpy mass, and the mixture is 
then warmed, but not, however, allowed to boil. Next, pre- 
cipitated and moist cuprous chloride is gradually added until a 
small quantity only of the platinic salt remains undecomposed. 
The two sparingly soluble salts are mutually decomposed 
to form two soluble salts, namely, potassium _ platino- 
chloride and cupric chloride, of which the former is, for 
the most part, precipitated on cooling, and can be easily 
purified by recrystallization. If a little water only is employed 
in the process, we can, in the first crystallization, recover from 
70 to 80 per cent. of the platinochloride formed in a very 
nearly pure condition. ‘The salt, owing to the ease with which 
it is formed and to its great crystallizing power, which allows of 
rapid purification, is of special value as the starting-point for 
the formation of other compounds of platinum (see Therm. 
Cnters., 111. p. 413). 

(4) Hydrogen platinochloride, A,PtCl,, is easily prepared on 
precipitation of a warm, concentrated solution of potassium 
platinochloride by means of hydrogen platinichloride, H,PtCl,. 
On cooling, the potassium platinichloride formed is precipitated ; 
a small portion only remaining dissolved in the red, concen- 
trated solution of hydrogen platinochloride. From _ this 
solution double salts can be directly prepared by the addition 
of metallic chlorides and subsequent crystallization. 

(c) Ammonium platinochloride is in this manner readily 
formed by adding an equivalent amount of ammonium chloride 
to the hydrogen platinochloride; on concentration and cool- 
ing, the salt crystallizes out in large red needles. 

(2) Platinous hydroxide.—A dilute solution of potassium 
platinochloride (x gram-molecule to 300 gram-molecules of 
* water) is carefully mixed with an equal volume of an equivalent 
solution of dilute caustic soda. When the resulting liquid is 
heated to boiling, the whole of the platinum is precipitated as 
the lower hydroxide, whilst the solution, which was originally 
strongly alkaline, is now quite neutral. 
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The lower hydroxide is a black powder, which easily 
dissolves in dilute hydrochloric or hydrobromic acid on gentle 
warming. ormic acid, evenin very dilute solution, reduces it to 
the metal with evolution of carbon dioxide. 

(e) Potassium platinobromide, K,PtBr, is an easily soluble 
salt, which, on slow crystallization of the solution, forms large, 
nearly black crystals, apparently rhombic octahedra; on rapid 
crystallization, needles of a red-brown colour areformed. The 
salt is prepared by boiling the concentrated solution of a 
mixture of 1 gram-molecule of K,PtCl, and 4 gram-molecules 
of NaBr. The greater part of the sodium chloride formed 
crystallizes out immediately on cooling; the remainder is 
separated by repeated recrystallization. 

(f) Sodium platinibromide, Na,PtBr, + 6H.O, is formed 
when a concentrated solution of hydrogen platinichloride 
(H,PtCl,) is mixed with 6 gram-molecules of hydrobromic 
acid ; on evaporating to dryness, hydrogen chloride is given off. 
A little water and 2 gram-molecules of NaBr are next added, 
the solution is then evaporated to dryness, the residue 
dissolved, and the salt recrystallized. 


2. Thermal Effect on Formation of Compounds of 
Platinum. 


(a) Hydrogen platinichloride, H,PtCl,, is a dibasic halogen 
acid, 1 gram-molecule of which in solution exactly neutralizes 
2 gram-molecules of sodium hydroxide. Investigations have 
proved that the evolution of heat is not altered by adding an 
excess of soda; the numerical results were 


a (A,PtCi,Agq, a NaOHAg) 
2 27,216 C 

4 27,240 

6 27,336. 


The heat of neutralization is thus exactly equal in magni- 
tude to that of 2 gram-molecules of the other strong halogen 
acids, hydrochloric, hydrobromic, and hydriodic, namely, 
27,300 C as against 27,400 c. Hence it follows that— 
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When a molecule of anhydrous platinic chloride, PtC?, 
combines with two equivalents of an aqueous solution of the chloride 
of a metal (either of the alkalies, alkaline earths, or magnesium 
group of metals) ¢o form a double chloride soluble in water, the 
thermal effect is always the same, and corresponds to the action 
of platinic chloride upon an equivalent amount of hydrochloric 
acid in aqueous solution. 

We may therefore assume that the double chloride can be 
formed in two ways: in the fs¢, when platinic chloride is 
dissolved in hydrochloric acid, and the solution formed is sub- 
sequently neutralized with the respective base; in the second, 
the base is first neutralized with hydrochloric acid, and the 
platinic chloride is then dissolved in this liquid. 

In both cases the same final products are obtained from the 
same constituents, and the total thermal effect will therefore be 
the same in the two cases ;! we have, for example— 

(FECl, 2HfCTAg) \ | 2(NaOlAg, HC/Aq) 

+ H,PtCl,Aq, 2NaOHAg) )~ \ +(PtCl, 2NaCiAg). 


Now, since the heats of neutralization are equal for equivalent 
amounts of 47,/7C7,Ag and HTC7Ag, it follows that— 
(PtCl,, 2H{CTAg) = PtCl,, 2NaClAgq), etc. ; 


that is to say, 1 gram-molecule of PtCl, gives the same thermal 
effect with an equivalent amount of a solution of hydrochloric 
acid or of the chloride mentioned, which is of importance in 
calculating the heats of formation of the double chlorides. 

(4) The heats of solution of the more important compounds 
of platinum have been measured directly with the following 
results :— 


Salt. Heat of solution. Salt. Heat of solution. 
Ke PtCl, — 13,760 c Ke brbr. — 12,260 c 
Na, PtCl, + 8,540 Na,PtBr, + 9,900 
NasPtC),..6H,0 — 10,630 Na,PtBr,. 6H.O — 8,550 
KaPtCl, | —12,220 K,Ptbr, — 10,630 
(NH,).PCl, — 8,480 


1 Note by Translator.—In each case the heat evolved is that due to 
the union of 2H with 20H, according to generally accepted theories. 
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Here, again, we observe that, as with the majority of salts, 
the heats of solution are negative for the saturated, hydrated 
salts, and also for the salts which have no water of crystalliza- 
tion; on the other hand, they are positive for the anhydrous 
compounds, Na,PtCl, and Na,PtBr,;, corresponding to the 
hydrated salts (see p. 59). 

(c) The heats of formation of the chlorine and bromine 
compounds of platinum are derived from the thermal effect on 
reduction of the latter in aqueous solution by means of metallic 
cobalt, in which reaction metallic platinum and _ cobaltous 
chloride or bromide are formed. For example— 


(Wa,PtCi,Ag : Co) = 2(Co, Ch, Aq) —(Pt, Cl, 2NaClAg) = R. 
It follows from the facts already mentioned that— 


(Co, Ch, Ag) = 94,820 c= A 
(Co, Br,, Ag) = 72,940 c= B, 


so that the heats of formation of the platinum salts are found 
as the difference between 24 (and respectively A, B, or 22) 
and &. The following are the experimental values for A :— 


R, = 2A — (Pt, Cl, 2NaClAgq)' = 105,020 ¢ 
R,= A —(f4,Ch,2KClAg) = 52,990 
R, = 2B — (Ft, Br, 2K BrAq) = 88,720 
Rk,= B- (ft, Br, 2KBrAq) = 41,010. 


If now we substitute the values of A and VF in the four 
equations, we obtain 


(Ft, Cl, 2NaClAg) = 84,620 ct ae 
(Pt, Cl, 2KCIAg) = 41,830 ifference, 42,790 c 
(ft, Bry 2K BrAq) = 57,160 
(74, Brey 2K LrAq) = 37,996 


} Difference, 25,230 c. 


1 Note by Translator.—NaCl is used here in place of KCl, because 
otherwise the sparingly soluble K,PtCl, would be precipitated, whilst the 
other reactions studied all give rise to soluble potassium salts. This 
substitution is admissible since the heats of neutralization of the alkalies 
are of equal value, and it has been shown on p. 2g9 that (PtCl,, 


2NaClAq) = (PtCl,, 2KC1Aq). 


a 


i 
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According to the statement made under (a) the thermal effect 
is the same whether the platinum salt contains K,, Na., Mg, etc. 
These values were controlled in the following manner :— 

(2) The given difference between two connected numbers 
is equal to the difference between the heats of formation of 
the corresponding compounds ; thus for example— 


42,790c=(LP4,Cl,2KCIAq) —(Pt,Cly2KCl1Aq)=(KyPtCl,Aq,Cl,). 


When, therefore, a solution of K,PtCl, is converted into 
K,PtCl, by means of chlorine the thermal effect must be equal 
to 42,790c. ‘This was proved by special experiments. In one 
series of these a solution of Na,PtCl, was reduced to Na,PtCl, 
by the addition of Cu,Cl, ; the thermal effect of the process 
was 16,640 c, and this corresponds to 


16,640 c = (Cu#,Ch, Ch, Ag) — (Na,PtCi,Ag, CL). 


Now, since (C,CZ,, CZ, Ag) is equal to 59,670 c, we obtain 
43,030¢c for (Wa,PtCl,Ag, Cz), which is the required thermal 
effect of the reaction. 

In a second series of experiments a solution of potassium 
platinobromide was mixed with bromine ; the heat of reaction 
was 25,350 c, which corresponds to the reaction (A,/¢r,4q, 
Br,). These values confirm those found above by direct 
experiment ; namely— 


) det ined b bt ti 
(K,PtCl,Agq, Ch) = | 42,790 c determined by subtraction (c) 


43,030 . directly 
° ur _ § 25,230 45 by subtraction (c) 
(A,PtBrAgq, Br) = 25,350 is directly. 


The agreement is thus very satisfactory. 

(ce) The affinity of platinum for oxygen is measured by the 
reduction of platinous hydroxide by means of formic acid 
(see p. 298). The reaction proceeds very readily, with the 
formation of carbon dioxide, water, and metallic platinum. 
The thermal effect amounts to 44,800 c, and corresponds to 
the reaction 

(CH,O,, O) — (Pi, O, H,0) = 44,800 c. 


Now, since my later researches have shown that the heat of 
oxidation of liquid formic acid is 64,020 c (see Zherm. Unters., 
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iv. 181), it follows that the heat of formation of platinous 
hydroxide is 
(ft, O, ZAC) = 10;420% 


The affinity of platinum for oxygen is thus very considerable ; 
the heat of formation of the lower oxide lies between the heats 
of formation of silver and mercuric oxides. 

(/) From the values given above we can calculate the thermal 
effect of a number of reactions in which platinum takes part. 
For example— 
2(ZH7, Cl, Aq)+(Pt, O, 4HCIAQ) = (Pt, Ch, 2HClAq)+ (Fh, O) 
4(H, ClAq) + (ft, O., 6HCTAg) = (Pt, Cl, 2HCl1Aq) + 2(fs, O) 


whence it follows that— 


(Pt, O, 4H1C1Ag) = 31,550 c | (Pt, O, 4H BrAg) = 43,440€ 
(ft, O., 6CIAq) = 64,060 (Pt, O., 6H BrAgq) = 80,360. 


The heats of reaction are very considerable, and, as the 
figures show, ¢he value is very much greater for hydrobromic 
than for hydrochloric acid ; a precisely similar relation has 
already been noted in the case of auric oxide (see p. 290). 

From the known thermal values the heats of formation of 
the compounds of platinum in the solid state can now be 
calculated in the usual manner. The numbers will be found 
in the subsequent tables. 


N. PALLADIUM. 


Palladium approximates very closely in properties to 
platinum ; but a marked difference is, however, observed in the 
case of the hydroxides. Dilute solutions of the double chlorides 
of palladium are decomposed at ordinary temperatures by dilute 
solutions of caustic soda, with the precipitation of either 
PdO.H,O or PdO,.2H,0; whilst PtO.H,O, as already 
described, is precipitated only after boiling, and the higher 
hydroxide neither at ordinary temperatures nor on boiling. 

(a) Chlorides of potassium and palladium.— Thermochemical 
researches have been carried out on the two salts K,PdCl, and 
K,PdCl;. The heat of formation of each of these salts has 
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been determined in two ways. For example, K,PdCl, was 
reduced in aqueous solution, ether by means of metallic 
cobalt, or else of cuprous chloride; in both cases metallic 
palladium was precipitated, and the thermal effect was 


(K,PdCl,4g: Co) = 47,330 € 
(Ka faCkAg t CuCl.) = 11,320. 


From which, by means of the values already determined, we 
find— 
(Pd, Ch, 2KClAQ) | pee : t Mean value, 47,920 c. 

The heat of formation of potassium palladochloride in the 
solid state can be derived in the usual manner from the values 
just given ; namely— 

(Pa, Ci, 2KC2) | a(K, CZ, Ag) 
+ (K,PdCl, Ag) §$~ (+ (Pa, Ch, 2KC/lAQ). 


Now, since the heats of solution of K,PdCl, and of 2KCl are 
respectively —13,630c and —2 X 4440C, we obtain 
(Pa, CL, 26G!) = 52,676 ey 


that is to say, when crystallized potassium palladochloride is 
formed in the reaction between metallic palladium, chlorine, 
and crystallized potassium chloride, the thermal effect is 
52,070Cc. 

(6) Palladous todide——¥rom the heat of formation of 
potassium palladochloride, and from the thermal effect of its 
decomposition by means of potassium iodide in aqueous 
solution, we obtain the heat of formation of falladous iodide. 
The experimental result was 


(K,PaC1,Aq, 2K1Aq) = 22,560 c, 
whence we find in the usual manner— 
(2a, 1, 2,0) = 18,186 ¢. 
(c) Potassium palladichloride.—Vhe heat of formation of this 
salt was also measured in two ways—doth by the reaction 


between the crystallized salt, cuprous chloride, and water, 
when metallic palladium is precipitated, and also by the 
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action of the crystallized salt upon a solution of potassium 
iodide, when palladous iodide and iodine are separated. In 
these experiments I was obliged to make use of crystallized 
K,PdCl,, instead of its solution, since the salt is partially 
decomposed by water. The result was— 
(K,f8Cl, 2Cu,Ch, Ag) = 31,610 ¢ =X. 
The thermal value, 7, is composed of the following terms :— 
R= —(Ld, Cl, 2KCl) + 2(KCl, Ag + 2(CwCh, Ch, Ag), 
and by means of the values already determined we find that— 
(Fa, Cl, aICh = 738,820 c. 
‘The other series of experiments gave the following result :— 
(K,PadCh, 4K1Aq) = 34,620c = &,, 
and the heat of reaction was composed of the following terms :— 
— (Pd, Cl, 2KC?) + 2(KCZ, Ag) + 4(K, Cl,AQ) 
Since, according to p. 303, the heat of formation of 


palladous iodide is equal to 18,180 c, we find that 7} = 79,280 c. 
Thus as the result of the two determinations— 


a 


78,850 c 
79,280 
(2) Falladous hydroxide and palladic hydroxide.—The cor- 

responding double chlorides, Na,PdCl, and K,PdCl,, were 
decomposed by means of dilute caustic soda solution; the 
former was used in aqueous solution, the latter as the crystalline 
salt (see (c)). The result was ) 

(Wa, PdCl,Aq, 2NaOHAg) = 12,550 ¢ 

(K,PaCh, 4a OHA?) = 18,010. 


From these numbers we find in the usual manner— 


(Pa, O, H#,0) = 22,710 c 
(Pd, Ox 2L2,0) = 30,430 
3943 


(fa, Cl, 2KCl) = } \ Mean value, 79,060 c. 


as the heats of formation of palladous and palladic hydroxides. 
If the value 12,550 c found above is subtracted from the heat 
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of neutralization of 2 gram-molecules of sodium hydroxide, 
that is to say, from 27,490c we obtain the thermal effect on 
solution of palladous hydroxide in hydrochloric acid, namely— 


(Pa O,F,, 4HCIAq) = 14,940 c. 


In a similar manner from the other value, namely 18,010 c, 
we can find the heat of solution of palladic hydroxide in 
hydrochloric acid— 


(P2077, 6HICTAG) = 21,970 ¢. 


There is, however, some uncertainty about this number, since, 
owing to its partial decomposition by water, the heat of solution 
of K,PdCl, cannot be accurately measured. 

(e) Hydrogen palladochloride in aqueous solution behaves as a 
dibasic acid ; its heat of neutralization with respect to sodium 
hydroxide is 


(ff,PdCl,Aq, 2NaOlHAgq) = 27,250 ¢, 


which is thus equal to the heat of neutralization of hydrogen 
platinichloride by an equivalent amount of the monobasic 
halogen acids. Hence it follows that as in the case of platinic 
chloride— 


(Pad, Ch, 2HCIAg) = (Pa, Ch, 2KCIAq), ete. 


The last reaction was found above to equal 47,920 c, 
therefore— 
(Pa, C4, 2H1CTAg) = 47,920 ¢. 


See also the following tables. 


O. CARBONATES OF THE METALS, 


For the calculation of the heats of formation of the salts of 
carbonic acid we require, in addition to the thermal values 
already given, a knowledge of the heats of neutralization of the 
different carbonates. The heat of neutralization of sodium 
hydroxide by means of carbonic acid has already been 

TPG, x 
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given (see p. 98); that of the other bases can be deduced 
from the thermal effect on double decomposition of the soluble 
salts with equivalent solutions of sodium carbonate. ‘The con- 
centration used was Na,CO, + 400H,O, BaCl. + 400H.O, 
etc.; and the metals investigated were barium, strontium, 
calcium, manganese, cadmium, lead, and silver, a of which 
form anhydrous carbonates. 

The following characteristics were noted: Barium carbonate 
is precipitated, immediately and completely, in a stable 
amorphous state, and the thermal effect at once attains its 
maximum value. S¢rontium carbonate is also precipitated in 
the amorphous condition ; but after an interval of two or three 
minutes it becomes crystalline, and this change is accompanied 
by a slightly zzcreased thermal effect. Calcium carbonate 
behaves in the same way, but the formation of crystals is 
attended by a small adsorption of heat. ‘The carbonates of 
cadmium, manganese, lead, and silver form amorphous pre- | 
cipitates, which also show a further slight evolution of heat 
after the initial reaction; but the salts do not become crys- 
talline. . 

The experimental results were as follows: The thermal 
effect on decomposition of an aqueous solution of 1 gram- 
molecule of sodium carbonate by means of an equivalent 
amount of— 


BaCl, amounts to + 1,350¢c 


SrCl, > 230 
CaCh - — 2,080 
MnsSO, a — 2,050 
CdSO, a + 370 
Pb(NOs)2 + 6,110 
2AgNQ, is + 10,480. 


According to the researches already described— 


(Na,0Ag, CO.) = 26,060 c 


(Va,OAa, CO,Aq) —_ 20,180 ; (C O;, Ag) = 5880 LF 


and we can therefore, in the usual manner, derive the following 


. 


; 
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values from the known thermal effects of the reactions taking 
place by double decomposition :— 


Reaction in solution. Reaction with dry substance. 

B (B, CO2Aq) RO (RO, CO2) 
Na,OAg 20,180 c — — 
BaOAg 21,820 BaO 62,220 c 
SrOAQ 20,550 S70 559770 
CaOAg 18,310 CaO 42,520 
Mn( Off). 13,230 — — 
Ca( OL), 13,370 a — 
PbO 16,700 PbO 22,580 
Ag,O 14,180 Ag,O 20,060 


The reactions in the first column take place between 
aqueous solutions of carbonic acid and of either the hydroxide 
or the anhydride of the base specified ; but in the other column 
the reaction was between gaseous carbon dioxide and the 
anhydrous oxides. From these last values we can again cal- 
culate the heats of formation of the anhydrous carbonates from 
their elements (see tables). 

The value found for the formation of calcium carbonate is 
of practical importance in “ lime-burning,” 


(Ga0, CO,). = 42,520 Gc, 


since it gives the amount of heat required to decompose the 
carbonate into lime and carbon dioxide. 


P. SULPHIDES OF THE METALS. 


It has previously been stated (see p. 103) that hydrogen 
sulphide in aqueous solution behaves as a monobasic acid 
towards the soluble bases (alkali metals and alkaline earths) 
and also towards magnesium hydroxide. The molecule in 
aqueous solution must therefore correspond to the formula 
H.SH, and, like the halogen acids (hydrochloric, hydrobromic, 
and hydriodic), hydrogen sulphide shows an equal heat of 
neutralization for all these bases, but this value is, however, 
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10,030 c lower than in the case of the halogen acids. The 
compounds formed are hydrosulphides of the formula RSH 
and R(SH), These are all soluble in water, even Mg(SH),, 
which is easily prepared by the decomposition of MgSO, and 
Ba(SH), in aqueous solution. 

Hydrogen sulphide behaves quite differently towards the 
oxides of the heavy metals ; since these, when acted upon by 
this acid, form insoluble sulphides, some of which are hydrated, 
others anhydrous, as, for example, the sulphides of lead and 
mercury. 

The thermochemical investigation of these compounds was 
carried out in the following manner: A solution of a metallic 
salt was precipitated by means of an equivalent solution of 
sodium sulphide, Na,S, or, better still, a mixture of NaSH and 
NaOH. The degree of dilution of all the liquids was 400 
gram-molecules of water, thus Na,S+400H,O, MnSO,. 400H,O, 
etc. The experimental results were as follows :— 


Q (QAq, NagSAq) Q (QAg, NagSAg) 
MnSO, 7790c¢ | CuSO, 36,440 c | 
FeSO, 13,220 Cu, Cl, 43,540 | 
NiSO, 15,090 HgCl, 46,050 | 
CoSO, 16,310 Pb(NO;). 30,980 
ZnSO, 18,130 2TINO, 33,740 
Cdso, 27,120 2AgNO, 67,180 


By means of these figures, we can now easily calculate ¢he 
heat of formation of the sulphides of the metals. If we put 


(QAg, Na,SAg) = R 
and represent the metallic constituent of Q by JZ, we have 


for the seven reactions, in which the sulphates are acted upon 
by sodium sulphide— 


R=(M, S)+(Na,, O, SO;Aq) —(M, O, SO,Aq) — (Nay, S, Ag). 
Now, according to the preceding researches (see tables )}— 


(Wa,, O, SO;Ag) = 186,640 c 
(Na, S, Aq) = I0T,990, 
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and therefore— 
(M, S)= R+(M, O, SO;Aq) — 84,650 c. 
In the same way, for the reactions in which the chlorides of 
copper and mercury are acted upon by sodium sulphide— 
(MM, S)= R+(M, Ch, Aq) — 91,030 ¢, 
and for the reactions with the nitrates of lead, thallium, and 
silver— 
(WZ, S)= R+ (MM, O, N,O;Aq) — 80,630 c. 
The following table contains the thermal values, calculated 
in this manner, of the direct formation of the sulphides of the 


metals from rhombic (octahedral) sa/phur and the metal in 
question :—! 


Mm R (M, O, SO3Aq) (M, S) 
Mn 7,790 c 121,250 c 44,390 c 
Fe 13,220 93,200 21,770 
Ni 15,090 86,950 17,390 
Co 16,310 88,070 19,730 
Zn 18,130 106,090 39,570 
Cd 27,120 89,880 32,350 
Cu 36,440 55,960 737507 

(M, Cl, Ag) 
Cu, 43,540 65,750 18,260 
Hg 40,050 51,190 6,210 
(M, O, N2054q) 
Pb 30,980 68,070 18,420 
TI, 33,740 66,540 19,650 
Age 67,180 16,780 3,330 


1 The differences between the values given for (M,S) in the fourth 
column of this table, and those found in 7herm. Unters., iii. 455, are due to 
the fact that the last-mentioned numbers were calculated for amorphous 
sulphur (see p. 195). 

? On precipitation of a copper sulphate solution with sulphuretted 
hydrogen, or sodium sulphide, it is not CuS which is formed, but a com- 
pound with a smaller amount of sulphur, namely Cu,S,, and free sulphur 
(see Therm. Unters., iii. p. 449), and a comparison of the heat of 
formation of this substance with that found for Cu,S, shows that the 
affinity of copper for sulphur is in all essentials satisfied with the forma- 
tion of the last-mentioned sulphide. 
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The behaviour of hydrogen sulphide with solutions of salts.— 
For purpose of comparison, we make use of the thermal effect 
of the reaction of sulphuretted hydrogen water upon the 
nitrates, all of which are soluble in water. ‘The thermal value 
can in this case be divided between the following terms :— 


(R, S) — (2, O, M0549) 
+(Z, O) — (fy, S, Ag). 


All the terms on the right-hand side of the equation are 
known ; on the other, we find by difference— 


(RN,0,49, HySAq) = } 


68,360 c — 7,290 c = 61,070 Cc, 


The thermal values of the other reactions are given below for 
some of the metals— 


R (R, S,xH20) | (R, O, NeO5Aq) | (RN20¢649, H2SAQq) 
Mn 44,390 c 107, 720.0 — 12,260 ¢c 

Fe 21,770 $9,620 — 6,780 | 
Ni 17,390 83,420 = 4,960 

Co 19,730 84,540 — 3,740 
Zn 39,570 102,510 — 1,860 

Cd 32,350 86,300 + 7,120 

Pb 18,420 68,070 +11,420 | 
AN, 19,650 66,540 +14,180, etc. “ 


The thermal effect of the reaction between the nitrates and 
hydrogen sulphide in aqueous solution, resulting in the pre- 
cipitation of a metallic sulphide, is therefore zegative for Mn, Fe, 
Ni, Co, and Zn ; it is, on the other hand, fosi/ive for Cd, Pb, 
Tl, Cu, Hg, and Ag. This is in complete agreement with the iz 
properties of these metals so serviceable in analysis. The metals — 
of the last-mentioned group are precipitated by sulphuretted 
hydrogen with evolution of heat ; but this is not the case with 4s 
those first mentioned. Zizc forms the connecting link; in 1 
neutral solutions of the zinc salts of the strong acids sulphurettedil 
hydrogen produces a slight precipitation, which ceases as soon 
as the liquid becomes sufficiently acid. On the other hand, 
with acetic, lactic, or other weak acids, of which the heat of 
neutralization is less than that of nitric acid, there is complete 
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precipitation. The heat of neutralization of acetic acid is about 
2000 c lower than that of nitric acid, and the thermal effect on 
precipitation of a solution of a zinc salt containing acetic acid 
is therefore approximately equal to zero. 


Q. CYANIDES OF THE METALS. 


My researches on the heats of formation of cyanogen com- 
pounds were restricted to the cyanides of K, Ag, Hg, Cd, and 
Zn. A large number of the cyanides of the metals are in- 
soluble in water, but they are readily dissolved by aqueous 
solutions of potassium cyanide. This is the case with silver, 
mercury, and in part with zinc, since zinc cyanide is not quite 
insoluble. On the other hand, cadmium cyanide dissolves in 
water, but all the same it reacts vigorously with potassium 
cyanide in aqueous solution. The thermochemical measure- 
ments led to the following results :— 

(a) Potassium cyanide——A\ the values necessary for cal- 
culating the heat of formation of this compound have already 
been given, namely— 

(A, O, 7, Ag) = 116,460 c (7, CN, Aq) = 11,470 ¢ 
(KOHAq, HCNAQ) = 2,770 (7h, O) = 68,360 
and since the reaction is 

KOHAq + HCNAq = KCNAq + H,O 
we obtain— 
(K, CN, Ag) = 116,460+11,470+2,770— 68,360 C= 62,340 c. 


Furthermore, the heat of solution of KCN is equal to 

— 3010C¢, and we therefore have— 
(K, CW) + (KCW, Ag) = (K, CN, Ag) 
(E, CIV) = s0to-= 62,346 ¢; 
from which it follows that the thermal effect on formation of 
anhydrous potassium cyanide is 
(h, CLV) = 65,4806, 

when the reacting substances are metallic potassium and 
gaseous cyanogen. ‘The heats of formation of the cyanides of 
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the other metals can now be derived from the thermal values of 
the reaction between potassium cyanide and the salts of the 
metals in question. 

(6) Silver cyvanide.—When an aqueous solution containing 
1 gram-molecule of AgNO, is mixed with a solution of potas- 
sium cyanide which contains 2 gram-molecules of KCN, the 
soluble compound KAg(CN), is formed. If the solution thus 
obtained is then mixed with a solution of 1 gram-molecule of 
AgNO;, the whole of the silver is precipitated as cyanide. 
The thermal values of these two reactions are 

(AgNO0,;Aq, 2KCNAQ) = 33,205 c 
(KAgC,V,Aq, AgNO;Aq) = 20,221. 


We may suppose these processes to be resolved into the 
following terms :— 


33.205 ¢ = (AgN0,49, KCN Ag) + (AgCN, KCNAQ) 
20,221 = (AgNO0,Ag, KCNAQ) — (AgCN, KCNAQ), 


and we then have for the sum and difference of these numbers— 


53,426 c = 2(A2eN0;49, KCNAQ) = 2 X 26,713 € 
12,984 = 2(AgCN, KCNAQ) =2%X 6,492. 


The thermal effect in the former case corresponds to the 
precipitation of silver cyanide from the nitrate solution and 
potassium cyanide ; in the latter, to a solution of silver cyanide 
in a solution of potassium cyanide. Now, since the heats of 
formation of silver nitrate and of potassium cyanide are known, 
it follows in the usual manner that— 


(Ag2, CN) = 2,786c 
(Ag,0, 2HCNAQ) = 42,306. 


The heat of formation of silver cyanide is thus very small, 
namely 2786 c, and the substance is also very easily decomposed 
on warming ; but the reaction between silver oxide and aqueous 
hydrocyanic acid is, on the other hand, accompanied by a very 
large evolution of heat, namely 42,306c. The thermal effect 
on solution of t gram-molecule of AgCN in potassium cyanide 
is, as stated above, positive, namely 6492 c, and this shows 
that there is a very active reaction between the two substances. 
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(c) Mercuric cyanide.—The researches on the formation of 
mercuric cyanide were carried out in precisely the same manner 
as in the case of silver cyanide. The experiments show that— 


(HgCi,Aq, 4KCNAQ) = 45,579 ¢ 
(AL,AgC.N,Ag, HgCl,Ag = 21,999. 


From the sum and difference of these numbers it follows, 
as was the case for silver, that 


(HgC,Aq, 2KCNAQ) = 33,784 c 
(AgC,N,A9, 2KCNAQ) = 11,795 ; 


and from this, in the same manner as above, we derive— 


(He, C,N., Ag) = 7,314 
(Hg0, 2f{C NAq) = 30,734. 


Moreover, since the heat of solution of Hg(CN), is— 2965 c, 
we have— 
(Zig, C,V2) = 10,279 c 


as the heat of formation of the crystalline mercuric cyanide. 
This value is very much greater than that found for silver 
cyanide ; but otherwise the numbers are of about the same 
magnitude in the two cases. 

(2) Cadmium cyanide.—The investigations were carried out 
on the same lines as the foregoing. The experiments show 
that— 

(CaSO,Aq, 4KCNAq) = 26,043 c 
(K,CdC N49, CdSO,Aqg) = 4,459, 


from which it follows, as above, that— 


(CdSO,Aq, 2KCNAq) = 15,251 ¢c 
(CdC,N,Aq, 2KCNAQ) = 10,792. 


The last value is of special interest ; for cadmium cyanide 
is soluble in water, and in solution reacts upon a solution of 
potassium cyanide without any change in the state of aggrega- 
tion taking place, and yet the reaction is attended by an 
evolution of 10,792c. This fact reminds us of the evolution 
of heat in the reactions between solutions of mercuric chloride 
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and mercuric bromide and of the chloride and bromide of 
potassium respectively. 

From these values we can calculate in the same manner as 
above— 


(Cd, C,N2, Ag) = 33,960 
(C@0,44, 2HCNAg) = 13,700 
(CdC,NV,4q, 2KCNAgq) = 10,790 6 ucts 


(c) Zine cyanide—The experiments were carried out in a 
similar manner to the preceding. ‘The results were 


(ZnSO, Aq, 4KCNAq) = 27,310Cc 
(K,2ZnC,NV,Aq, ZnSO,Aq) = 9,642 +y 


Since zinc cyanide is not altogether insoluble in water, the 
thermal effect of the last experiment must be rather lower than 
it would have been for complete precipitation; this small 
difference is represented below by y. 

From these values we calculate as before — 


(ZnSO,Aq, 2KCNAQ) = 18,476 +9 
(2nC,N,.aH,O, 2KCNAq) = 8,834 —y 
(ZnO,Hy, 2HCNAQ) = 16,140 + y 24,974 % 
(Zn, C,N aH, 0) = 53,400 + 


It is worthy of note that the thermal effect on conversion of 
Zn(OH), into K,Zn(CN),Aq is 24,974, and this is approxi- 
mately equal to the corresponding thermal value when Cd(OH), 
is converted into K,Cd(CN),Aq, namely 24,490c. On the 
other hand, the evolution of heat which is observed on dis- 
solving the cyanides of the metals in a solution of potassium 
cyanide, when the double cyanides are formed, is not the 
same in the two cases, but is greatest for cadmium and least 
for zinc, 

(/) Formation of cyanogen.—The usual method of pre- 
paring cyanogen in the free state is by heating mercuric 
cyanide. ‘This decomposition, however, takes place only at a 
high temperature, when a greater part of the cyanogen is 
converted into paracyanogen. Cyanogen is far more easily 
obtained by gently warming a mixture of equivalent quantities °, 
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mercuric cyanide and mercuric chloride, when mercurous chloride 
and cyanogen are formed— 


Hg(CN), + HgCh = Hg,Cl, + (CN), 


If the two substances, in a dry and finely divided state, are 
carefully mixed, the action takes place at a very low tempera- 
ture, since the mixture melts with the evolution of cyanogen. 
The reason that mercuric cyanide is more easily decomposed 
in the presence of the chloride is certainly due to the fact that 
whilst the decomposition of the cyanide itself is attended by a 
heat-absorption of 10,280, the joint reaction takes place with 
an evolution of heat. The thermal value of the process is as 
follows :— 

(Hg, Cl) — (Hg, CoM) — (Hg, Ch) = # 
65,210C — 10,280C — 54,590C = 440 C, 


and it would naturally be still greater if it were not that the 
cyanogen produced is in the gaseous form. 

It is noteworthy that even at the very low temperature 
at which this process takes place an appreciable amount of 
paracyanogen is formed ; but this formation increases the heat 
of reaction. 


CHAPTER XI 


SYSTEMATIC REVIEW OF THE NUMERICAL RESULTS 
OF THE RESEARCHES ON COMPOUNDS OF THE 
METALS : OXIDES, HYDROXIDES, HALOGEN COM- 
POUNDS, SALTS, SULPHIDES, CYANIDES, ETC. 


In order to render the numerical results of my researches 
on the thermal phenomena of the metals more easily available, 
I have arranged them in a series of tables, each table having 
reference to some particular compound. ‘The following twenty- 
three metals were selected for study, namely— 


Potassium. Magnesium. Cobalt. Silver. 
Sodium. Aluminium. Nickel. Gold. 
Lithium. Manganese. Copper. Tin. 
Barium. Zinc. Lead. Palladium. 
Strontium. Cadmium. Mercury. Platinum. 
Calcium. Iron. Thallium. 


The atomic weights used were those given in Table 1, 
pp. 48-52. In addition to the results for these metals, the 
tables also contain certain data referring to the metalloids— 


Tellurium, Arsenic, Antimony, Bismuth, 


the remaining thermal properties of which are fully described 
in the chapter on the non-metals, see Table 18. ‘The atomic 
weights of these elements will be found on p. 45. 

All the values given hold good at a temperature of about 
18° C, and for the substances in their normal state of aggrega- 
tion at that temperature, that is, for bromine, water, and 
mercury, as liquids, etc. In calculating the thermal effect of 
the calcium compounds, JZoissan’s value of (Ca, O) equals 
145,000c was used. In the case of barium compounds, x 
represents the unknown magnitude (Ba, O, HO). 
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| Feat of formation | Heat of solution} Heat of formation 
of the compound.| in aqueous solution. 


TABLE 16. 
CHLORIDES. 

Reaction. of the compound. 
(55 CZ) 211,220C = 
(Wa, Cl) 195,380 = 
(Ca Or 187,620 =e 
(Ba, Ci.) x -+ 48,2401 | + 
(Ba, oe 2/7,0) x -+ 55,240! = 
(SA; Cz) 184,560 Je 
(Sa C2, 62750) 203,190 — 
(Cais) 183,890 a5 
(Ca, CZ, GH,0) 205,640 — 
(Meg, CZ) 151,010 + 
(Meg, Cl,, 67,0) 183,980 aE 
(Az, Cl.) 321,960 ++ 
(Mn, Cl.) 111,990 + 
(Mn, Cl,, 4,0) 126,460 a8 
(Zn, C7,) 97,210 + 
(Cd, Cl.) 93,240 + 
(Ca, CZ, 27,0) 98,530 = 
(fe, Cl.) 82,050 = 
(Ze, Cl,, 47,0) 97,200 4 
(Fe, Cl,) 192,080 ae 
(Co, C7.) 76,480 + 
(Ca, Gi, 62,0) 97,670 = 
(Vi, Ci.) 745530 “f 
(™, Ch, 6/7,0) 94,860 a 
(C22, Clz) 65,750 
(Cu, Cl) 51,630 + 
(Gran Gze, 227, O) 58,500 +. 
(Pb; CL) 82,770 = 
(Zies, CL) 65,210 
(Hg, Cl) 54,490 - 
(Hg, Cl, 2KCl, H,0) 60,620 ~ 
(7%, Cl) 97,160 = 
(Ag, Cl) 58,760 
(At, CL) 11,620 
(Au, Cé;) 22,820 + 
(Au, Cl, 2/,0) 28,960 _ 
(Au, Cl,, Ute 47,0) 76,950 71 
(Sx, Cl,) 80,790 + 
(Su, Gi, 2H,0) 86,560 _ 
(S#, CL, 2KCl, H,0) 85,680 _ 
(S%, Cl,) guid 127,250 ao 
(Sx, Cl,, 2 C2) 151,400 - 
(Pd, Cl, 2K Cl) 52,070 _ 
(Pa, Ch, 22C2) 79,060 _ 
(FE Ce, 2KC1) | 45,170 


8,880 c 
2,360 
16,880 
2,070 
4,939 
11,140 
7,500 
17,410 
4,340 
353920 
2,950 


153,690 


16,010 
1,540 
15,630 
3,010 
2,280 
17,900 
2,750 
63,360 
18,340 
2,850 
19,170 
1,160 
11,080 
4,210 
6,800 
3,300 
16,390 
20,200 


4,450 
1,690 
5,830 
350 
5,370 
13,420 
29,920 
3,380 
13,630 
15,000 
12,220 


202,340 c 
163,020 
204,500 


x +50,3101 
195,690 
201,300 


186,930 
475,650 
128,000 
112,840 

96,250 


99,950 


255,440 
94,820 


97,300 


62,710 
75,970 


51,190 
44,230 
76,900 
27,270 
71,120 
81,140 
72,260 
157,170 
148,020 
39,040 
64,060 
32,950 
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Heat of formation | Heat of solution | Heat of formation 


Reaction. of the compound. | of the compound.! in aqueous solution. 
(2%, Cl, 2NLH,Ci) 42,550 “ae 8,480 34,970 
(Pi, Cle ZACH) 89,500 —~ 13,760 75,740 
(AEC hs Va Cy) 73,720 + 8,540 t a ciacn 
(£2, Cl,, 2NGC/, 67,0) 92,890 — 10,630 . 
(Ze, Ch) 77,380 + 20,340 97,720 
(As, Cl;) Liquid 71,390 + 17,580 88,970 
(Sd, CZs) 91,390 — 
(Sb, Cl) liquid 104,870 (see p. 229) — 
(Baz. 90,630 | _ 
TABLE 20. 
BROMIDES. 
; i eat ofsolution i 
Reaction. Tic aiosl [sttesepouetl arena ae 
(Boos ha) 190,620c | — 10,160c 180,460 ¢ 
(Wa,, Bry) 171,540 ie 380 1.160 
(Wa, Br, 4/7,0) 180,580 — 9,420 ‘ie 
(Zz, 27) 159,920 + 22,700? 182,620 
(Ba, Br.) x -+ 23,460! + 4,980 : 
(Ba, Bry, 27,0) a+ 32,570 | — 4,130 7A 
(S7, Bre) 157,700 + 16,110 t rie: Sans 
(5, Bro, 61,0) 181,010 | — 7,200 73> 
Ca Br) 154,920 + 24,510 

Ca, Br, 6H,0) 180,520 | — 1,090 t 179,430 
(Mg, Bro) — ~ 165,050 
(Af, Bre) 239,440 +170,600% 410,040 
(Mn, Bro) — —_— 106,120 
(Zn, Bro) 75,930 + 15,030 90,960 
(Cd, Br,) 75,200 = 400 . 7 640 
(Cd, Br, 41,0) 82,930 | — 7,290 ain 
(fe, Bre — — 78,070 
(Co, Bro) ae cag 72,940 
(Mi, Br) — —_— 71,820 
(Cuz, Bro) 49,970 = ree 
(Cu, Bre) 32,580 + 8,250 40,830 
(2b, Br2) 64,450 — 10,040 54,410 
(77g, Bry) 59,950 es mend 
(4g, Br,) 41,880 = -_ 
(Hg, Br,, 2K Br) 43,110 — 9,750 42,030 
(2%, Bre) 82,590 a — 
(Lites Bre) _ — 112,900 
(Ag, Bry) 45,400 = = 
(Az, Bro) = 160 —. = 
(Au, Br) | + 8,850 | = 3,760 5,090 
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: ion | Heat ofsolution| Heat of formation 
sities ry Apne | of thecompound. | in aqueous solution. 
(Av, Br,, H, 57,0) 52,560 — I1,400 41,160 
(Pt, Br., 2K Br) 32,310 — 10,630 21,680 
(Fe, Br,, 2KBr) 59,260 — 12,260 47,000 
(Pz, Bry, 2NaBr) 46,790 sa 9,990 | t 56 780 
(Pt, Br,, 2NaBr, 67,0) 65,330 — 8,550 
TABLE -21. 
IODIDES. 
R ° Heat of formation | Heat ofsolution | Heat of formation 
aE, of the compound. | ofthecompound.| in aqueous solution. 
City Fy) 160,260 c | — 10,220¢ 150,040 c 
(Naz, L2) 138,160 + 2,440 
(Nan, L, 44720) 148,620 — 8,020 t 140,600 
(22s, 45 122,430 + 29,770? 152,200 
(Za, Lo, 71,0) x + 4,870 : oa ,850 Cae 1,980" 
(52%, 25) — a 143,460 
(Ga, 7.) —— = 149,010 
(4%, Ze) 140,780 +178,000 3 318,780 
(AZg, LZ) = = 134,630 
(Mn, Ly) _ = 75,700 
(Zn, L,) 49,230 - 21,310 60,540 
(Cd, Ls) 48,830 = 960 47,870 
(Fe, Z,) ae a 47,650 
(Ga 25) — — 42,520 
(Wi, L2) ax a 41,400 
(Cus, Ly) 32,520 = is 
(26, 12) 39,800 _ = 
(Ag2 Ly) 31,100 = — 
(2g, Ly) 25,640 ena cara 
(Ge 257) 28,680 — 9,810 27,540 
Tl, Ls) 60,360 = “a 
(Ag2, 12) 27,600 a > 
(At, 1) — 11,040 ca oa 
(Pd, L,, 7,0) +18,180 _ = 


The thermal values in Tables 20 and 21 are calculated for 
liquid bromine and solid iodine. 


NoTEs ON TABLES 19-21. 


1 In the heats of formation of barium compounds the unknown value 
(Ba, O, H,O) is represented by x. 

* Heats of solution of LiBr and Lil according to Bodisko. 
Al,Brg and Al,I, according to Berthelot, 


3 


9 3? 
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TABLE 22. 
CYANIDES. 
. Heat of fi ti Heat ofsoluti Heat of f ti 
Reaction. ofthe campauad. |offeecomeuenid inaquscce seat 
(Ka, ColVe) 130,700 c —6020 c 124,680 c 
(Zn, CN.) 53,400 = a 
(Cd, C,M,) - _ 33,960 
(Hg, CN.) 10,280 —2970 7:310 
(Ag», C,N2) . 2,790 — — 
(Zn, C,N,, 2KCNAQ) — _— 62,230 
(Cd, Cy, 2KCNAgq) — -- 445750 
(He, C.M,, 2KCNAQ) —- _ 19,110 
(Ag, CLM, 2KCNAQ) een “sia 15,780 
| 
TABLE 23. 


HYDROGEN METALLO-HALIDES. 


Reaction. Product. Thermal effect. 
(4g, Cl,, 2HClAQ) H,HgCl,Aq 53,110 
(Hg, Br., 2HBrAq) H,HgBr,Aq 43,520 
(Hg, L,, 2HTAq) H,Hgl,Aq 29,090 
(Sn, Cl,, 2{ClAQ) H,SnCl,Ag 81,000 
(Sx, Cl,, 2HClAq) H,SnCl,Aq 156,920 
(Pda, Cl,, 2HC/1Aq) H,PdCl,Ag 47,920 
(Pa, Cl,, 2HC1AQ) H,PdCl,Aq 72,940 
(Pt, Cl, 2HCIAQ) H,PtCl,Aq 41,830 
(Pt, Br, 2HBrAgq) H,PtBr,Aq 31,840 
(Pt, Cl,, 2HCIAQ) H,PtCl,Aq 84,620 
(Pt, Br,, 2HBrAg) H,PtBrgAq 57,160 
(Au, Cl;, HClAQ) HAuCl1,Aqg 31,800 
(Adu, Br, HBrAq) HAuBr,Aqg 12,790 


The heats of neutralization of all these acids are the same, 
namely, equal to those of hydrochloric, hydrobromic, and 
hydriodic acids; that is to say, equal to 27,400c for 2 
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gram-equivalents of the acid. Hence it follows (see p. 299) 
that, for example— 


(Ft,Cl, 2HCIAg) = (Pt, Ch, 2NaClAq) =(Pt, Ch, MgCl,Aq), etc. 


when the bases used for the neutralization are the alkalies, 
the alkaline earths, or else magnesia. 


TABLE 24. 


OXIDES AND HYDROXIDES. 


Reaction. 


(Ky, O, Ag) 
(Naz, 0; Aq) 
(Z2,, O, Aq) 
(77, O, Aq) 
(Ba, O, Ag) 
(Sr, O, Ag) 
(Ca, O, Aq) 
(K,, O, H.0) 
(Wa,, O, 1,0) 
(Zh, O, H,0) 
(Ba, O, H,0) 
(Sy, O, 4,0) 
(Ca, O; #7,0) 
(7g, O, H,0) 
(in, O, H,0) 
(Zn, O, 1,0) 
(Sz, O, 4,0) 
phe, O; 2,0) 
(Cd, O, H,0) 
(Co, O, 1,0) 
(Mi, O, H,0) 
(Cu, O, HO) 


(22, Os, 34420) 
(522, Os, 34420) 


T.P.C. 


Thermal effect. 


164,560 c 
155,200 
166,520 
39,160 
x + 12,260 
157,780 
~ 163,330 
137,980 
135,380 
45,470 

x 

146,140 
160,540 
148,960 
94,779 
$2,680 
68,090 
68,280 
65,680 
63,400 
60,840 
375520 
22,710 
19,220 
133,500 
116,330 
30,430 
77,180 
250,320 
167,420 


Reaction. 


(Bi,, O3, 3420) 
(P2, Os, 34720) 
(As, Os, 34/20) 
(Sb,, Os, 34420) 
(A, O, £7, Aq) 
(Wa, 0; af. Aq) 
(22,0, A, Ag) 
(77, O, H, Aq) 


(La, O2, Hz, Ag) 


(Sv, O,, Ao, Aq) 
(Ca, Oz, Ly, Aq) 
(Va, O) 
(77%,, O) 
(77/g2, O) 


Fez, Oz, xH,0) 
Coz, O3, «H,0) 
Nig, Oz, xf1,0) 
Ll, Oz, #f1,0) 
Atty, O;, £,0) 


Therma! effect. 


137,749 ¢ 
400,120 
226,180 
228,780 
116,460 
III,810 
117,440 
53,760 
x + 80,620 
226,140 
231,690 

99,760? 
42,240 
24,860 
40,810 
5,900 
Xx — 22,260 
128,440 
145,000 
50, 300 
37,160 
22,000 
154,590 
219,380 
388,920 
199,150 
149,380 
120,380 
6,340 
—13,190 


Y 
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TABLE 25: 
SULPHIDES (RHOMBIC SULPHUR). 


Reaction. Thermal effect. Reaction. Thermal effect. 
(ZZ, S, Aq) 75290 c (XK, S, 4, Ag) 63,130 c 
(K2, S, Aq) 111,290 (Na, S, 1, Aq) 53,480 
(Naz, S, Ag) 101,990 (Zi, S, H, Ag) 64,110 
(Liz, S; Aq) 113,250 (Ba, So, A, Aq) % — 25,770 
(Ba, S, Aq) x — 40,840 (Sx, Sa, 26, 49) 119,750 
(Sv, S, Ag) 104,680 (Ca, S,, H2, Ag) 125,300 
(Ca, S, Aq) 110,230 (Meg, S., 2, Aq) 110,860 
(Ain, S, xf,0) 44,390 (ZH, S) 2,730 
(VA oy ee’ (O)) 39,570 (7¥o, 35) 19,650 
(Cd,0S eZ, 0) 32,350 (£4, S) 18,420 
(22, 5S, 27,0) 21,770 (‘Coley 45) 18,260 
(Co, S, «/f,0) 19,730 (7g, S) 6,210 
(Mi, S, *«H,0) | 17,390 (Ag2, S) 3,330 
TABLE 26. 
REACTION OF GASEOUS HYDRACIDS UPON ANHYDROUS 
OXIDES. 
Oxide. 2HCl oHBr 2HI 2HCN H2S 
T1,0 79,280c | 91,820c | 98,560c¢ | — | 43,040 °c 
Ag,O 77,220 90,980 102,140 | 54,510c 63,060 
Hg,O 64,710 774570 86,680 — — 
Cu,O 49,300 60,640 72,150 = 43,080 
HgO 56,840 71,350 | 84,070 45,910 49,830 
PbO 56,830 | 65,630 69,940 — 339750 
CuO 38,830 | 46,900 - — ~ 
| 


In all these reactions the thermal effect rises from hydrogen 
chloride to the bromide and iodide, so that hydrogen iodide 
has the greatest heat of neutralization. This is also observed 
in the reactions between aqueous solutions of nitrates and o 
the three halogen acids, and is evident from the figures below, 
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which represent the heats of reaction on the assumption that 
the halides are completely precipitated from solution. 


2HCIAq 2HBrAq 2HIAq 
2TINO,Aq | 20,350 c 27,640 c 35,040 Cc 
2AgNO,Aq 31,710 40,220 52,840 
2HgNO;Aq 24,290 | 31,900 42,470 
Hg(NO,),Aq 15,820 | 25,080 39,260 
Pb(NO,)2Aq 4,420 | 7,980 13,750 


This behaviour is due to the fact that the heat of precipita- 
tion, as will be described later on, is greatest for the iodide, 
less for the bromide, and least of all for the chloride. In 
connection herewith is the well-known decomposition of silver 
chloride by solutions of the bromide or iodide of potassium. 
The process is attended by a considerable evolution of heat, 
which is apparent from the difference between the numbers in 
the table, thus— 

(2AgCl, 2H BrAg) = 40,220 c — 31,710c = 8,510 Cc 

(QAgCL 2HiAg) = ha.d4o = 21,776 = 27,110. 


TASB B27. 
SULPHATES. 
Reaction. Thermal effect. sar Hila 

(2, Oz, SOz) 273,560 c — 6,380 c 
(Naz, Ov, SOz) 257,510 + 460 
(Naz, Oz, SO, 10/7,0) 276,730 _ = 18,760 
(Zi., Oz, SOz) 263,090 ae 6,050 
(Liss Ory SOy HO) 265,730 + 33410 
(7%, Or, SO) 149,900 a 8,280 
(Ag, Oz, SOz) 96,200 — 4,480 
(Fé, Oz, SOz) 145,130 =a 
(Ba, O,, SO;) x + 120,490 — 5,580 
(57,03, 50,) 259,820 aos 
(G2, Oy, SOs) 261,360 + 4,440 
(Ca, Oz, SOo; 2H,0) 266, 100 i 300 
(Ag, Oz, SOz) 231,230 | +20, 280 
(Mg, Or, SOx H;0) 238,210 +13,300 


(Mg, Ox, SO, 7#1,0) 255,310 — 3,800 
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Reaction. | ‘Thermal effect. 03 hohe ee 
(Afn, O,, SOz) 178,790 + 13,790 
(An, Oz, SO,, H,0) 184,760 + 7,820 
(Mn, O., SOz, 5/720) 192,540 + 40 
(Zn, QO, SOz) 158,990 +18,430 
(Zn, O,, SO,, /,0) 167,470 + 9,950 
(Zt, Qo, SOQ, 7HG0) 181,680 — 4,260 
(Cd, Oz, SO) 150,470 +10,740 
(Cd, (05, S103, 2a) 155,160 + 6,050 
(Cd, O,, SQ, §47,0) 158,550 + 2,660 
(Co, Or, SO2; 7#1,0) 162,970 — 3,570 
(i, O2, SO, 7/20) 162,530 — 4,250 
(Fe, O2, SO2, 7/20) 169,040 — 4,510 
(Cu, 0O,, 5O,) 111,490 +15,800 
(Cu, O., SO,, H,0) 117,950 + 9,340 
(Cw, Oo, SO2, 57,0) 130,040 — 2,750 
TABLE 28. 
NITRATES. 
Reaction. Thermal effect. | moet hide uae 
(KG; O25 WVeC,) 241,610 c —17,040 c 
(Wa; (02; Ve 02) 225,150 — 10,060 
(Ltg, O,, 4V¥z04) | 225,880 + 600 
(Zh, Or, V20,4) 118,950 — 19,940 
(Age, Oz, 204) | 60, 130 — 10,880 
(Ba, Oz, N20,) x+ 82,390 — 9,400 
(S7, On, N20,) 222,470 — 4,620 
(Ca, Oz, 201) 219,350 | + 3,950 
(Pb, O., N20,) 108,110 | — 7,610 
(Sx, O,, N,0,, 47,0) 230,150 — 12,300 
(Ca, O., N04, 47,0) 230,550 | — 7,250 
(Cd, On, NO. 44,0) 123,810 — 5,040 
(Mg, O., N20. 6,0) 213,170 — 4,220 
(dn, O., NO 6,0) 156,340 — 6,150 
(Zn, Oo, N.Oq, 6,0) 140,820 — 5,840 
(Wi, Or, N04; 6/7/,0) 123,360 — 7,470 
(Co, Oy, 204, 62/20) 121,970 — 4,960 
(Cu, On, NoOy 67,0) 95,590 — 10,710 


The reaction thus takes place between the metal, 1 gram- 
molecule of oxygen, and 1 gram-molecule of N,Q, (aon- 
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dissociated). Since the heat of formation of non-dissociated N.O, 
is equal to —2650c per gram-molecule, we obtain the thermal 
effect on formation of the nitrates from their elements by 
adding on —26s50c to the numbers given; and thus find 


(K,, MV, Os) = 241,610 c — 2,650 c = 238,960, 


and similarly for the other nitrates. 


TABLE 209. 


FORMATION OF SULPHATES AND NITRATES BY THE ACTION OF 
THE METAL UPON AN AQUEOUS SOLUTION OF THE ACID. 


& (R, O, SOgAg) | (R, O, N2054Q) 
Es 195,850 ¢ 192,100 c 
Na, 186,640 182,620 
Wee 197,310 | 194,010 
SF 188,490 185,410 
Ca | 180,409 177,160 
Me | 180,180 176,480 
Mn 121,250 107.720 
Ln 106,090 | 102,510 
fe 93,200 89,670 
éd 89,880 86,000 
Co 88,070 84,540 
Ni 86,950 83,420 
Pb — | 68,070 
Lit, 70,290 66,540 
Cu 55,960 | 52,410 
fg _— 30,650 
He = 28,400 
Ag, | 20,390 16,780 
Ak} 150,630 = 
fe 74,990 <a 


Thus the tables give the thermal effect of the reaction between 
the metal, oxygen, and a dilute solution of the acid. These 
values have a very wide application ; for example, by means of 
them we can calculate the thermal effect on solution of zinc in 
dilute sulphuric acid with evolution of hydrogen as 


(Zn, O, SO;Ag) — (fh, O) = 106,090 c — 68,360 c = 37,730¢, 
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or else the heat of decomposition of a solution of copper 
sulphate by means of metallic iron— 


(fe, O, SO,Aq) — (Cu, O, SO,Aq) = 93,200 c — 55,960 c 
= 37,240 C, etc. 


TABLE 30. 
DITHIONATES. 
Reaction. Thermal effect. oe es 
(4aas OF, 25 Os) 273,560 c | —13,010 c 
(Maz, O,, 2S0,) 256,650 — 5,370 
(Naz, 02, 2505,227,0) 262,930 — 11,650 
(425, O2, 250,, 22,0) 96,090 — 10,360 
(2a, (O,, 2507, 27,0) x + 115,870 — 6,930 
(S7, (Os, 25 Os Aa) 263,610 — 9,250 
(Ca, Oz, 2502, 4/7,0) 267,870 — 7,979 
(Pb, O2, 2SO., 47,0) 145,490 — 8,540 
(CZ; 02, 25105, e2O) 126,250 — 4,870 
(Mfg, Oz, 2502, 64,0) 248,410 — 2,960 
(Mn, Oo, 250, 640) 188,600 — 1,930 
(2725°O;, 25 0,, Of%.0) 173,850 | — 2,240 
(M4, 02, 2503, 62,0) 154,790 | — 2,420 


The thermal effect on formation of salts in aqueous solution 
is obtained, as is well known, by the addition of the numbers 
in columns 2 and 3. 


TABLE 31. 
CARBONATES. 
Thermal effect on formation of the salt Thermal effect on formation of the salt 
according to the formula (R, O, COo). according to the formula (RO, CQg). 
Se ae ee ee ees eee ———————____—— 
(A, O, COz) 184,130 c 
(Wa; O; CO,) 175,680 
(Ba, O, CO.) x + 39,960 (220, COs) 62,220 c 
(875 °O;, C03) 184,210 (570; CO.) 553770 
(cn, 0, COs 187,520 (CaO, CO,) 42,520 
(im, O, CO) 113,880 
(Cad, O, CO,) $4,930 
(Pb, O, COs) 72,880 (P60, CO,) 22,580 
(Ag2, O, CO) 25,960 (Ag,0, CO) 20,060 
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TABLE 32. 


DOUBLE SALTS. 


Reaction. 


Heat of formation. 


Heat of solution. 


(AlgSO,, AySO4) 
(ZnSO, KySO,) 
(CuSO,, KySO,) 
( 


MnSOy, KySO,) 
(MgSO,, KySO,, 6,0) 
(22S0,, KGSO,, 647,0) 
(CuSO,, K,SO,. 6,0) 
(MnSO,, KrSO,, 47,0) 
(AfgCl,, 2K Cl, H,0) 


(AeBr,, 2K Br) 
(Helo, 2KZ) 
GSzeGZ BAe ZL) 


(S72C7,, 207, 7,0) 
(AuCl,, HCl, 47,0) 
(Aubr,, HBr, 57,0) 


3,300 c 
4,140 
20 
990 
23,920 
23,950 
22,990 
13,810 
6,130 
1,230 
3,040 
24,160 
4,890 
92,130 
35,280 


+10,600 c 
+ 7,910 
+ 9,400 
+ 6,380 
— 10,020 
— 11,900 
— 13,570 
a 6,440 
— 16,390 
— 9,750 
— 9,810 
— 3,380 
— 13,420 
zs. 5,830 
— 11,400 


Whilst the union of anhydrous sulphates to form a double 


(HgCAq, 2KClAqg) = 1920 ¢ 
(AuCl,Aq, HIC1Ag) = 4530 
(AuBr,Aqg, HBrAq) = 7700. 


salt is thus attended by a considerable evolution of heat, there 
is no heat change on mixing aqueous solutions of these same 
sulphates, which proves that the double salts are not present as 
such in aqueous solution. On the other hand, aqueous solutions 
of the halides interact with considerable evolution of heat ; for 
example— 
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TABLE 33. 


VARIOUS OTHER SALTS. 


Reaction. Product. Heat of reaction. 
(Na,S0,, 4,50,) 2NaHSO, 13,270¢ 
(K250,, H250,) 2K HSO, 16,640 
(K2, S2, Og) K,S,0, 415,720 
(2, 53, Og) K,S,0, 405,850 
(Kk, Sy Os) K,S,0. 397,210 
(Ma», So, Os, 5/70) | NaS,O;.5H,9 | 265,070 
(K; Cl, Os) KCIO, 95,860 
(75275 2.) KBrO, 84,060 
(A, Z, Os) KIO, | 124,490 
(K, Cl, O, Aq) KCIOAq 88,010 
(Ma, Cl, O, Aq) NaClOAq 83,360 
(X2, Mn, Os) K,Mn,Og 389,650 
(4G, (C7303, O02) K,Cr,0, 226,440 


Heat of solution. 


+2 xX I,190c 


i | 
mh 
nO 
a 
88 


In calculating the heat of formation of the last-named 
salt, the chromium is assumed to be present as the violet 


hydroxide. 


TABLE 34. 


THERMAL EFFECT OF THE REACTION BETWEEN AQUEOUS 
SOLUTIONS OF NITRATES AND SULPHURETTED HYDROGEN. 


R (RN206A9, SH9AgQ). 
Mn —12,260c¢ 
Fe — 6,780 
Ni — 4,960 
Co — 3,740 
Zn — 1,860 
Cad + 7,120 
Pb +11,420 
wig +14,180 
Cu +16,410 
Hg + 38,870 
Age +47,620 
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The thermal effect is thus positive from cadmium to silver ; 
that is to say, for those nitrates from which the sulphides 
can be precipitated in dilute, neutral solutions by means of 
sulphuretted hydrogen ; on the other hand, it is negative for 
the nitrates from which no precipitate is formed by solutions of 
sulphuretted hydrogen. Zinc forms a transition metal; its 
sulphides are also precipitated in the presence of acids which 
have a lower heat of neutralization than nitric acid (for example, 
acetic and lactic acids), whilst cadmium sulphide, on the 
contrary, is not precipitated in strongly acid solutions, since 
the heat of neutralization rises with the concentration. 


CHAPTER XII 


THE NATURE OF CHEMICAL REACTIONS REGARDED 
FROM THE DYNAMICAL STANDPOINT 


THE tendency of matter to attain a state of stable equilibrium 
is undoubtedly the chief cause of chemical processes. Just as 
the universal attraction between material particles manifests 
itself in their tending to approximate their centres of gravity, and 
thereby to produce the phenomena of pressure, motion, poten- 
tial or kinetic energy, so also the attraction between the atoms 
of the molecules tends towards a rearrangement or interchange 
of the atoms within or between the molecules until a state of 
stable equilibrium is reached. When this is achieved the 
chemical reaction between the molecules will be followed by 
an evolution of energy, which can of course assume different 
forms, but is most frequently manifested by a rise in temperature ; 
that is to say, heat is evolved. 

This tendency of the atoms to assume a state of stable 
equilibrium may meet with opposition of various kinds. For 
instance, scarcely any chemical reactions take place between 
solid substances, since there is neither adequate contact be- 
tween, nor sufficient motion of, the molecules. This hindrance 
may be overcome by the action of heat, whereby many of the 
reacting substances are converted into liquids or gases. Gases, 
however, do not often interact at ordinary temperatures, but if 
in such cases the reaction is started, either by heating or in 
some other manner, it will usually proceed to an end without 
any further external aid. Hydrogen and oxygen may be 
induced to react in this way by heating or otherwise, but once 
started, the reaction goes on of itself until completed ; similarly 
hydrogen and chlorine unite under the influence of light. 
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Acetylene is stable, but can be detonated by an explosion of 
mercury fulminate; the acetylene is thus proved to be in a 
state of unstable equilibrium. In all these instances the 
reactions proceed to an end with considerable evolution of 
heat, but they do not take place spontaneously. 

Thus we see that the tendency of the atoms to enter into 
a state of more stable equilibrium is opposed by their tendency 
to retain the s/afus guo,; this is a manifestation of the Jaw of 
inertia. An additional amount of energy must therefore be 
supplied in order to disturb the existing equilibrium of the 
atoms before they can satisfy their striving after a more stable 
condition ; just as a body standing upon a small base will not 
overturn of itself, but only when its centre of gravity has been 
displaced by some external agency so as to lie outside the 
limits of the base. Thus a number of chemical combinations 
can also be brought about when the atoms are in the nascent 
state. 

Whilst the action of heat can overcome this opposition to 
change, and induce a reaction between different substances, a 
higher temperature will often again resolve the compound 
formed into its constituents. Thus sulphur dioxide, and 
similarly also the oxides of barium and mercury, combine with 
oxygen with rise of temperature, whilst the oxides formed are 
again decomposed into their original constituents at a still 
higher temperature. It may often happen that the temperature 
at which a compound splits up is lower than that at which, 
under other external conditions, such as, for example, a high 
pressure, etc.,a union of the constituents can be brought about 
with a large evolution of heat. This is possibly the reason 
that iodine and oxygen do not unite directly, notwithstanding 
that each gram-molecule of iodic anhydride is formed with an 
evolution of 45,030 c. 

Although the thermal effect of chemical processes must 
bear some relation to the degree of stability brought about by 
the mutual affinities of the atoms, yet nevertheless in a number 
of cases there is no means of obtaining a trustworthy measure 
of the magnitude of the affinity itself; for it frequently happens 
that the constituents are not in the condition in which they 
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can enter into their compounds, and a considerable amount of 
energy is therefore required to convert them into the state in 
which they can take part in the formation of a new molecule. 
Carbon affords a striking example in this connection, since at 
ordinary temperatures it cannot enter directly into chemical 
combination with any other element (with the possible excep- 
tion of fluorine) ; a high temperature is therefore necessary in 
order to provide the large amount of free energy required to 
produce that change of state in the molecule of solid carbon 
which enables it to form compounds with the atoms of other 
molecules (for further details, see Part IV. on the heats of 
formation of organic compounds). 

When the tendency of the atoms to enter into a state of 
more stable equilibrium is satisfied, there will be a maximum of 
Sree energy; on the other hand, inertia, or the endeavour to 
maintain the s¢atws guo, which tends to oppose any change in 
the configuration of the molecules, will result in a minimum of 
Sree energy. Now, since the influence of inertia is weakened by 
rise of temperature, reactions will often change in character at 
higher temperatures, in such a manner as to be accompanied 
by a large evolution of energy. Common experience provides 
us with a number of such examples, as, for instance, in the 
action of chlorine upon a solution of potassium hydroxide, 
when, according to the temperature and degree of concentra- 
tion and with increasing amounts of heat evolved, there will 
be formed hypochlorous acid, chloric acid, or oxygen (see 
p. 203); or in the action of zinc upon sulphuric acid, when 
again according to the temperature and degree of concentra- 
tion, there will be produced hydrogen, sulphuretted hydrogen, 
or sulphurous acid, with a progressive rise in the amount of 
heat evolved (see p. 354). 

These two opposing tendencies, namely, the striving to change 
the configuration of the molecules, and the inertia which resists 
change, provide us with a valuable means of preparing compounds 
which cannot be formed by direct methods. Let AB represent 
a compound, the elements of which cannot combine directly 
owing to insufficient attraction between their affinities, and which 
will consequently form compounds only by the expenditure 
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of a large amount of energy; in other words, a considerable 
absorption of heat. In order to prepare such a compound we 
therefore select another compound, 4C, which can easily be 
prepared, and is so chosen that the element C has a strong 
affinity for &. When &Z acts in this manner upon AC, the 
affinity between & and C produces a decomposition of AC 
with the evolution of a large amount of energy, a part of 
which is absorbed in the formation of the compound 44. 
Numerous examples might be quoted: thus chlorine monoxide 
is formed in the reaction between chlorine and mercuric oxide; 
nitrogen chloride in the reaction between chlorine and ammonia, 
and so on. In these and similar cases the combined reaction 
results in an evolution of heat." 

To what extent a particular chemical reaction can take 
place between given substances will therefore, from what has 
been said above, depend as a rule upon the following 
conditions :— 

1. Whether the necessary rearrangement of the atoms of 
the molecules can produce a state, of more stable 
equilibrium than that already existing ; 

2. Whether the inertia of the molecules—that is to say, their 
opposition to any alteration of the status guo, and 
consequently of their existing configuration—can be 
overcome in the given case ; 

3. Whether the reacting substances, at the given tempera- 
ture and under the other external conditions, are in 
a suitable condition to take part in the reaction in 
question ; and 

4. Whether the possible products of the reaction are stable ; 
that is to say, whether they can exist at the tempera- 
ture and under the other conditions under which the 
process is accomplished. 

It follows, therefore, from the preceding statements that 
chemical processes can take place, partly with an evolution of 
heat, partly with an absorption of heat. To the first group 
belong not only the majority of reactions which take place in 


? See footnote on p. 228. 
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solution, but also a number of those brought about at high 
temperatures ; amongst the most distinctive of these are the 
processes of combustion proper. To the other group belong, 
in the main, only those reactions which are induced by heating 
a compound so strongly that its stability is destroyed, and it is 
more or less completely decomposed into its constituents or 
ultimate elements. 

The reason that a substance becomes unstable at a certain 
temperature is as yet unknown; possibly in the future we may 
gain some further knowledge in this direction. At present we 
can only record the facts without explaining them, although 
certain regularities have been found to occur. Thus all car- 
bonates, with the exception of those of the alkali metals, are 
decomposed on ignition, and with an absorption of heat. This 
is also the case with the nitrates, but here, however, the alkali 
salts are also partially decomposed. In the same way the 
chlorate, bromate, and iodate of potassium are all decomposed 
at high temperatures, but whilst in the case of the first two 
there is an evolution of respectively 9750 c and 11,2506, 
potassium iodate, on the other hand, gives a very considerable 
absorption of heat, namely — 44,360 c. From this it is evident 
that the decomposition of these salts by heating does not bear 
any relation to the thermal effect of their formation from the 
corresponding halide and oxygen; since this is negative for 
two of them, but positive for the third. There must therefore 
be some other explanation, but what it is is at present unknown. 
Thus there is still much that is unintelligible in the dynamics 
of chemical processes, but in the vast majority of chemical 
reactions, however, it is the “right of the strongest” which 
holds good to a very marked extent, and this will be proved by 
numerous examples in the following pages. 

Fifty years ago, when I published the results of my earliest 
work in thermochemistry, namely, ‘Die Grundziige eines 
thermochemischen Systems” in Poggendorff’s Avznalen der 
Physik und Chemie, vols. 88, 90, 91, and 92 (1853-54), I 
developed a theory concerning the nature of chemical pro- 
cesses which corresponded in all essentials to that given above. 
This was the first, and for a series of years the only, attempt to 
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interpret chemical processes from a dynamical standpoint, 
and I supported my theory by numerous examples derived 
from the material then at my disposal. 

Thirteen years later Berthelot gave expression to a pre- 
cisely similar theory, though of a less general nature than my 
own ; and so loudly and continuously did he lay claim to the 
same that it eventually came to be known by his name. ‘This 
was the theory of ‘“ maximum work,” which, however, rapidly 
lost its significance owing to its one-sided character. 

When, during the years 1882-86, I published the collected 
results of my experiments in thermochemistry, a subject that 
I had been working at continuously for thirty years, in the 
well-known TZhermochemische Untersuchungen, which in its 
3500 calorimetric experiments contains over a thousand 
original determinations connected with this subject, I was able 
to illustrate the theory that I had previously put forward on 
the dynamics of chemical processes by means of a large num- 
ber of examples, for details of which the reader is referred to 
vol. ii. pp. 468-506, vol. iii. pp. 523-567, and vol. iv. pp. 
363-404. The following pages will contain an abstract only 
of the examples there described, showing how, in agreement 
with the preceding statements, the course of chemical reactions 
can be explained from the dynamical standpoint. We shall 
deal, however, only with those processes of which the thermal 
values have been given in the preceding chapters (on the 
non-metals and metals), since the application of the principle 
mentioned to the interpretation of the heat-phenomena of the 
so-called organic compounds will be given in Part IV. 


A. HypRIDEs. 


The very abundant numerical results dealing with the 
thermal effect on formation of chemical compounds are, in the 
preceding chapters, divided into two main groups, one of which 
comprises the non-metals and the compounds resulting from 
their interaction, the other the compounds of the metals. Such 
a division may appear somewhat arbitrary if we consider only 
the outward appearance of the elements, since many of those 
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elements which are placed in the group of the non-metals have 
a metallic exterior, namely, the so-called metalloids (tellurium, 
arsenic, antimony, etc.) ; but a surer foundation for this classi- 
fication is to be found in the chemical properties of the 
elements. The so-called non-metals are all able to form 
gaseous or volatile hydrides, a property not found in the metals, 
the hydrides of which, so far as they are known, are solid, non- 
volatile substances. In the following survey of the heat- 
phenomena of the elements this division will therefore be 
retained. 

A few only of the non-metals have a strong affinity for 
hydrogen, namely oxygen, fluorine, chlorine, and bromine, and 
their combination with this element will therefore take place 
directly and with evolution of heat; but these hydrides (with 
the possible exception of hydrogen fluoride) are, however, only 
formed directly at high temperatures, or in the presence of 
porous substances which are able to bring about a condensa- 
tion of the gases. The remaining hydrides, on the other hand, 
must be formed by indirect methods, as a rule by the so-called 
double decomposition between a hydrogen compound (for 
example, an acid or base) and a compound of the non-metal ; 
the first-mentioned group of hydrides can, of course, also be 
formed in thismanner. Thus the hydrides of sulphur, selenium, 
and tellurium are formed by the action of a compound of the 
corresponding metal upon hydrogen chloride; ammonia by 
the action of boron nitride upon potassium hydroxide; the 
hydrides of boron, phosphorus, arsenic, and antimony by the 
decomposition of a compound of the corresponding metal by 
means of water or an acid; the hydrides of chlorine, bromine, 
and iodine by the action of the corresponding phosphorus com- 
pound with water, and so on. In all these cases the reaction 
takes place by double decomposition ; for example— 


FeS + 2HCl = FeCl, + H,S, 
and the thermal value, V, of the process follows from the 
equation 
(Fe, Ch) + (Hy S) — (Fe, S) — 2(H, Cd) = V. 


In each of these instances the thermal effect is positive, 
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and the process will consequently take place with evolution of 
heat ; that is to say, the strongest affinities will be satisfied. 

Since the majority of hydrides have their elements but 
feebly bound, they will also be readily decomposed at higher 
temperatures ; this property is utilized in the well-known test 
for arsenic and antimony. 

In each of the groups of the non-metals the affinity for 
hydrogen is greatest for the first member, and falls off with an 
increase of atomic weight. ‘This is particularly noticeable in 


* the case of the monovalent non-metals. The heats of forma- 


tion per gram-molecule are 37,600 c for hydrogen fluoride 
(Berthelot), 22,000 c, 8440 c, and —6o4o c respectively for 
the hydrides of chlorine, bromine, and iodine, according to my 
own researches. For the divalent non-metals the heats of 
formation of the hydrides are for oxygen 68,360 c, for sulphur 
2730 ¢, for selenium and tellurium strongly negative ; similarly 
for the trivalent non-metals nitrogen is positive (11,890 c), the 
others are negative, and so on. 

This unequal affinity explains the well-known fact that 
chlorine decomposes the hydrides of bromine and iodine, and 
that bromine decomposes hydrogen iodide, both in the free 
state and also in aqueous solution ; ¢he decomposition is in these 
cases complete, not partial as in the action of acids upon salts ; 
for each equivalent of chlorine there is liberated an exact 
equivalent of bromine or iodine. 

Since the heat of formation of water is greater than that of 
the other hydrides (with the exception of hydrogen fluoride), 
these latter will be decomposed by free oxygen; they are com- 
bustible in the widest acceptation of the term; that is to say, 
they are oxidized with an evolution of heat. Even gaseous 
hydrogen chloride, with a heat of formation of 44,000 c for 2 
gram-molecules of HCl, is decomposed on heating with oxygen 
into chlorine and water vapour, the heat of formation of which 
at 100° is 58,060 c (Deacon’s chlorine process is based upon 
this property). When in these cases the amount of oxygen 
does not exceed that necessary for the oxidation of the hydro- 
gen, the non-metal will be set free, notwithstanding that 
it is itself combustible; in this manner sulphur, selenium, 

TG. Z 
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phosphorus, arsenic, etc., are liberated by the partial com- 
bustion of their hydrides. 

When the hydrides of the non-metals are dissolved in water, 
the conditions are somewhat modified; thus aqueous hydro- 
chloric acid, with a heat of formation of 78,630 c for 2 gram- 
molecules of HCIAq, is not decomposed by oxygen, because the 
heat of formation of water is only 68,360 c; but solutions of 
hydrobromic acid, hydrodic acid, and hydrogen sulphide, the 
heats of formation of which in aqueous solution are respectively 
56,760c, 26,340c, and 7290¢ for 2 gram-molecules, are acted 
upon by oxygen absorbed from the atmosphere with the 
liberation of bromine, iodine, and sulphur ; the action is natu- 
rally smallest in the case of hydrobromic acid. Curiously 
enough, an aqueous solution of ammonia is not affected by the 
oxygen absorbed, although its heat of formation in aqueous 
solution is only 20,320 c for (N, H;, Aq); but in the gaseous state 
ammonia is known to be oxidized by free oxygen, for it can be 
burnt. 

Many of the hydrides, as, for example, hydrogen sulphide 
and hydrogen iodide, owing to their small heats of formation 
can serve as powerful reducing agents, since the hydrogen in . 

. 


these compounds reacts with much the same strength as free 
hydrogen towards compounds which contain oxygen, chlorine, 
and similar elements. Thus sulphuretted hydrogen will reduce 
aqueous solutions of nitric acid, chromic acid, permanganic 
acid, ferric salts, etc., to a lower state of oxidation with 
separation of sulphur; even concentrated sulphuric acid is ‘ 
reduced on warming with evolution of heat and the formation 
of sulphurous acid and sulphur. ‘The reducing properties of 
hydrogen iodide are exhibited in the presence of a number of 
organic compounds containing oxygen ; similarly towards solu- — 
tions of iodic acid, periodic acid, auric chloride, etc.; even 
sulphuric acid is reduced at ordinary temperatures by means 
of hydriodic acid. 

It is by reason of this last property that hydriodic acid (and 
also to some extent hydrobromic acid) cannot be prepared, in — 
a similar manner to hydrochloric acid, by the action of con- | 
centrated sulphuric acid upon potassium iodide; for the 
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hydriodic acid liberated reacts immediately with the sulphuric 
acid forming sulphurous acid, water, and free iodine, and this 
process, similarly to those previously described, takes place 
with a large evolution of heat, which, according to the tables, is 
in the case of the last-mentioned reaction 


(Z%,, O) — (SO,, O, H,0) — 2(7, 7) = &, 
68,360c — 53,480 c + 12,080c = 26,960 c. 


Hydriodic acid, therefore, reduces sulphuric acid to sulphur 
dioxide and water with the separation of iodine; but in the 
presence of a large amount of water the reverse process takes 
place, since an aqueous solution of sulphurous acid is oxidized 
by means of free iodine with the formation of sulphurous acid 
and hydrogen iodide. ‘The thermal effect of this reaction is 


— (Zh, O) + (SO249, O) + 2(Z, J, 4g) = Q, 
— 68,360c + 63,630 ¢ + 26,340 c 2 T-ONO GC: 


Thus in this case also the process is attended bya large 
evolution of heat. Now, since both (SO,4g, O) and 2 (4, 7, 
Aq) decrease in magnitude with a reduction of the amount of 
water, the value of Q will be lower the smaller the amount of 
water present, and from the heats of dilution already given for 
the two acids (see Tables 4 and 7) the thermal value, Q, will 
become zero when there are only about six molecules of water 
present for each molecule of iodine. If the amount of water 
be still further diminished the process is reversed, since the 
hydriodic acid has a reducing action on the sulphuric acid 
formed. ‘These two reciprocal processes may be easily illus- 
trated in the following manner: Concentrated sulphuric acid 
is added to a strong solution of potassium iodide, when the 
first process takes place, iodine is separated and sulphurous 
acid is formed. ‘The liquid is then diluted with water, when it 
again becomes colourless ; this is the other phase of the pro- 
cess in which hydriodic acid is regenerated. This is one 
example amongst a number of processes in which the amount 
of water present determines the character of the reaction. 
In a similar manner hydriodic acid is known to be formed 
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from phosphorus, iodine, and water, with the formation of 
phosphorous acid, whilst with smaller amounts of water the 
phosphorous acid is reduced by hydriodic acid to phosphine 
(phosphonium iodide). 

All these processes take place with evolution of heat; that 
is to say, the strongest affinities assert themselves. The heat of 
formation of marsh gas, CH,, is also positive (21,710) ; but it 
is formed directly only in very small quantity, owing to the 
resistance offered by carbon to the formation of compounds. 
By the simultaneous action, however, of carbon disulphide 


and sulphuretted hydrogen upon metallic copper, marsh gas is 
formed with evolution of heat. 


B. OXIDES. 


The majority of elements combine directly with oxygen, 
and the combination is always attended by an evolution of — 
heat ; but it is only exceptionally that the reaction between the 
element and oxygen takes place at ordinary temperatures ; as — 
a rule it must be brought about by heating. Oxidation will 
therefore only take place provided the resulting oxide can 
exist at the temperature necessary to the process of oxidation. 
An instructive example in this connection is the relation of 
mercury to oxygen. ‘The metal is not acted upon by oxygen 
at ordinary temperatures, but must first be heated almost to 
the boiling-point, when the oxidation proceeds with a very con-_ 
siderable evolution of heat, namely about 22,000 c; but the 
mercuric oxide formed is again decomposed into the metal and 
oxygen at a temperature which lies 150° above the boiling- 
point of mercury. The oxidation can therefore take place only 
within the narrow interval of about 150°. 

This property explains how it is that a substance does not 
always unite directly with oxygen, notwithstanding that the 
union would take place with an evolution of heat. Iodine, 
platinum, palladium, and silver belong to this group of sub- 
stances. ‘The direct formation of iodic anhydride (I,0,) would 
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involve an evolution of 45,030 c for each gram-molecule of I, ; 
but the reaction does not take place, probably because the 
compound is not stable at the temperature at which oxidation 
is possible. The same holds good for silver and platinum, the 
oxides of which are not formed directly, although their forma- 
tion would be accompanied by an evolution of respectively 
5900 Cand 19,000 c. In the case of palladium the tempera- 
tures at which oxidation proceeds, and at which the oxide is 
again decomposed, must lie very near together; since 
palladium is oxidized by heating in the air. That silver can 
be directly oxidized at low temperatures is evident from the 
fact that finely divided silver, on shaking up with a very dilute 
solution of sulphuric acid, takes up oxygen from the air and 
forms silver sulphate. 

The heats of oxidation of the different metals are very 
unequal. With respect to the thermal effect on taking up equal 
amounts of oxygen, magnesium heads the list with a value of 
148,000 c for each gram-atom of oxygen ; next follow the metals 
of the alkalies and alkaline earths, whilst the remaining metals 
arrange themselves in the following order: Mn—Zn—Fe— 
Sn—Cd—Co—Ni—Pb—Tl—Cu—Hg—Pd — Pt — Ag — Au. 
The thermal value for gold is negative, namely, — 4400 ¢c for a 
gram-atom of oxygen; it is the only metal of which the heat of 
oxidation is negative. 

The stability of an oxide at high temperatures must in all 
probability stand in close relationship to its heat of formation. 
Amongst the oxides of the metals named, the last five only are 
completely decomposed into their elements on heating, The 
heat of formation of HgO is 22,000 c, of PtO and PdO of 
about equal magnitude, whilst that of Ag,O, on the other hand, 
is only 5900 c; a corresponding amount of energy will ac- 
cordingly be set free on decomposition, 

A partial reduction also takes place when the higher oxides 
are not stable at high temperatures; in this way sulphur tri- 
oxide is decomposed into sulphur dioxide and oxygen with an 
absorption of 32,160 c; similarly arsenic oxide is reduced to 
arsenious oxide with an absorption of 2 X 32,350 c. The 
explanation of this decomposition is as yet quite unknown, 
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The heats of oxidation of the non-metals are likewise very 
unequal. The maximum value is reached in the case of 
phosphorus, and amounts to 74,000 c for 1 gram-atom of oxygen 
when phosphoric anhydride is formed ; it is, however, negative 
for chlorine, bromine, and nitrogen. With the exception of 
these three substances (and of iodine, the relation of which to 
oxygen has already been described) the non-metals are com- 


bustible ; that is to say, they unite with oxygen with a large ~ 


evolution of heat (but in general, the reaction must be started 
by heating). 

When an element can form several oxides, the composition 
of the products of the reaction will be dependent upon the 
stability of the oxides at the temperature of combustion. Thus 
on burning sulphur, selenium, and arsenic in free oxygen the 
lower oxides SO,, SeO., and As.O, are formed, since the 
higher oxides are not stable at the temperature of combustion ; 
on the other hand, phosphorus and carbon form the higher 
oxides P,O, and CO, on active combustion; but if the oxida- 
tion takes place in the presence of an insufficient amount of 
oxygen, or at a lower temperature, the lower oxides can like- 
wise be formed, since these are also stable at high tem- 
peratures, 

On oxidation of an element by heating in oxygen, that oxide 
is usually formed which, with the same amount of the sub- 
stance, will give the greatest amount of heat; but if a lower or 
a higher oxide is stable at the temperature of the reaction, it also 
is either wholly or in part formed. This is as a rule, however, 
due toa secondary reaction brought about by the action of 
that element which is present in excess, 

Those elements of which the heats of oxidation are 
negative can naturally not combine directly with oxygen ; the 
oxides must be formed in an indirect manner, or by supplying 
the necessary energy in some other way, as, for example, by 


means of electricity or of a very high temperature. Amongst — 


the non-metals this holds good for chlorine, bromine, and 
nitrogen. ‘Thus the oxides of chlorine and bromine can be 
formed by the action of the elements upon certain oxides (for 
example, HgQ), for the electropositive element of which they 


; 
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have a strong affinity, and a sufficient amount of energy is 
thereby set free to bring about the formation of the oxide in 
question. In the case of nitrogen the oxidation is produced, 
as is well known, by the aid of electrical energy. 


C. CHLORIDES. 


Chlorine has a strong affinity for all the elements with the 
exception of fluorine, oxygen, and nitrogen, and its compounds 
can also usually be formed directly. As this formation can 
most frequently take place at ordinary temperatures, the forma- 
tion of the chlorides does not as a rule present any difficulty ; 
carbon, and possibly also platinum, are the only instances in 
which there is not direct union with chlorine, although the 
formation of the chlorides takes place with an evolution of 
heat. 

The compounds of chlorine with oxygen or nitrogen, which 
are produced with absorption of heat, must necessarily be 
formed indirectly by the method already described on 
Pp. 332. 

The chlorides of the non-metals are (with the exception of 
the chlorides of carbon) all decomposed by water at ordinary 
temperatures ; and there is formed a solution of hydrochloric 
acid and of the acid or hydroxide of the element originally 
present as chloride. In all cases the decomposition is attended 
by a large evolution of heat, which approaches its maximum, 
namely 123,440 c, for 1 gram-molecule of PCl;, The amount 
of heat evolved bears a certain relation to the molecular 
weight of the chloride; for it is evident from the following 
table that zz cach group of analogous chlorides the evolution of 
heat on hydrolysis decreases as the molecular weight increases. 
Thus the heat of decomposition is smaller for selenious 
chloride than for sulphur chloride, and smaller for arsenious 
chloride than for phosphorous chloride, etc. 


‘ 
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THERMAL EFFECT ON DECOMPOSITION OF THE CHLORIDES BY 


WATER. 

Reaction. Thermal effect. Reaction. Thermal effect. 
(5,02, ¢ Aa) 35,400 c (PCl;, : Ag) 65,140 c 
(Se,C/, : Aq) 16, 200 (AsCl, : Ag) 17,580 
(SeCl,: Ag) | 30,370 (SSCl, Ag)? 8,910 
(ZeCl,: Ag)? | 20,340 (BiCl, : Ag)? 7,830 
(CCI, : Ag) 95,1508 (SbC7, : Ag)? 7:730 
(S907, * Ag) 69, 260 (BiCl, : Ag)? — 6,350 
(Z2C4,5 Ag) 57,870 (PCi, ? Aq) + 123,440 

(S6C/, : Aq) 35,200 


The property described, namely, that the heats of reaction 
in each group of analogous chlorides decrease with a rise in 
the atomic weight of the non-metal, receives confirmation in 
every case. 

The thermal effect, VY, due to the decomposition of the 
chlorides by water can be expressed by the following 
equation— 


Vix (k, 2 Aq) ac (2, Clo.) + 2m L7, Cl, Aq) . m(L1,, O). 


The difference between the last two terms is a constant, 
namely— 


2m(H, Cl, Aq) — m(,, O) = m X 10,270 ¢, 


and the value of the first two terms will therefore be 
(R, On, Ag) — (2, Chy) = V-— m X 10,270 ¢. 


Substituting for V the values given in the table above, we 
find that che dast-named difference ts a positive magnitude for all 


' The observed heat of reaction when there is a partial decomposition 
with the formation respectively of Sb,O,;Cl, and BiOC1. 

* This value represents the thermal effect on complete decomposition 
(see py 237). 

* The thermal effect calculated for the decomposition into CO,Aq and 
4HClAq. 
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the chlorides investigated with the exception of the chlorides of 
tellurium, antimony, and bismuth ; we therefore have 


(72, 0, #0) — (76, CL) = = gooc 
2(Sb,, O;, 1,0) — (Sb, Cls) = — 2,680 
3(Ba, Os, ff,0) an (Zi, Cus) ae — 21,760. 


Now these three chlorides, TeCl,, SbCl,, and BiCl;, are ‘he 
only instances amongst the chlorides of the non-metals investigated 
which are not completely decomposed by water, and there are 
therefore grounds for the assumption that in order that the 
hydrolysis should be complete the following conditions must 
be satisfied, namely— 


tt. ©. Hey — (®, Ch.) > ©. 


} 


The extent of the partial decomposition of the three 
chlorides mentioned above will also bear a close relation to 
the magnitude of this difference. For of 1 gram-molecule of 
TeCl,, 0'972 gram-molecules are decomposed, and the differ- 
ence is —200 c; whereas of r gram-molecule of SbCl; and of 
r gram-molecule of BiCl,, 2 and 3 of a gram-molecule are 
respectively decomposed, whilst the differences are — 2680 c 
and —21,760 c. ‘Thus the greater the negative value of the 
difference described, the less will be the hydrolytic action of 
the water. 

The fact that CCl, undergoes no appreciable hydrolysis 
must be due to some special cause; in all probability there is 
insufficient contact. I have observed a similar relation be- 
tween sulphuryl chloride SO,Cl,, and water ; we can shake up 
the two together for hours and still not produce a complete 
decomposition; but if some solid iodine be added to the 
mixture the sulphuryl chloride loses its spheroidal condition, 
and the decomposition then proceeds very rapidly ; but in the 
case of carbon tetrachloride, however, there seem to be still 
other hindrances at work. 

The chlorides of the metals all have positive heats of forma- 
tion; that of auric chloride being the lowest, namely, 22,820 c 
for 1 gram-molecule of AuCl,; they can therefore all be formed 
also by direct methods. Platinum certainly seems to form an 
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exception ; for although the heat of formation of the chloride 
is very considerable, its direct formation has not hitherto been 
effected. 

The chlorides are for the most part soluble in water, and 
the solution is accompanied far¢/y with an evolution of heat, as, 
for instance, when the chloride is able to form a hydrated com- 
pound—thus CaCl, CuCl, AuCl;, etc., are dissolved with 
evolution of heat, and their corresponding hydrates are, as 
is well known, CaCl, . 6H,O, CuCl, . 2H,O, and AuCl,. 2H,O ; 
partly, on the other hand, with absorption of heat, provided they 
do not form compounds with water, as is the case for KCl, 
PbCl,, AuBr,;, and the sparingly soluble compounds of the 
formula R,Cl,, etc. Likewise the hydrated chlorides which 
contain the full number of water molecules that they are able 
to combine with will, almost without exception, dissolve with 
absorption of heat. 

A comparison between the heats of formation of the 
chlorides of the metals and those of the corresponding hydrox- 
ides leads to interesting results. 

It has been shown above that in the case of the non-metals 
the difference between the heats of formation of the chlorides 
and of the corresponding hydroxides is negative, thus 

(R, Ch) — (R, O,, nHZ,0O) < O, valid for the non-metals ; 


an exception being found for tellurium, antimony, and bismuth. 
But with the metals the opposite relation holds good, since the 
chlorides have a greater heat of formation than the corresponding 
oxides or hydroxides, and therefore 


(R, Ct.) — (R, O, HO) > O, valid for the metals. 


To this group belong also tellurium, antimony, and bismuth, 
which are undoubtedly non-metals, notwithstanding their metallic 
appearance. The only exceptions amongst the chlorides of 
the metals investigated were aluminium chloride and stannic 
chloride ; stannous chloride, on the other hand, was in agree- 
ment with the given rule. This relation seems all the more 
remarkable when we remember that the decomposition of the 
chlorides of the non-metals by means of water gives rise to 
two acids which do not interact, whilst in the corresponding 
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reaction with the chlorides of the metals an acid and a base 
are formed which can again enter into combination. 

The difference observed in the magnitude of the thermal 
effect for the chlorides and the corresponding hydroxides 
would therefore appear to point to some characteristic differ- 
ence between the metals and the non-metals, which can be 
expressed in the following manner: Zhe heats of formation 
of the chlorides of the metallic elements are greater than those 
of the corresponding hydroxides, when the latter are formed from 
the metal, oxygen, and water, whilst the heats of formation of the 
chlorides of the non-metallic elements are lower than those of the 
corresponding hydroxides. Amongst all the chlorides investi- 
gated the only exception found was that of aluminium chloride, 
together with some of the higher chlorides ; but these also are 
almost completely decomposed on solution in water. 


D. BROMIDES AND I[ODIDES. 


The chlorides of the metals have in all cases a greater heat 
of formation than the bromides, and these again have a greater 
heat of formation than the iodides; but in the remainder of 
their properties the halogens are in very close agreement. In 
accordance with their thermochemical properties iodides are 
decomposed by bromine, and both iodides and bromides by 
chlorine ; this decomposition is complete, and is attended by 
an evolution of heat. 

When those halides which are insoluble in water, as, for 
example, Ag.Cl,, T1,Cl,, etc., are acted upon by an aqueous 
solution of the halide of another metal, an interchange takes 
place between the elements, provided that the halogen element 
of the insoluble halide has a lower atomic weight than the 
halogen in solution. Thus silver chloride is decomposed by 
a solution of either the bromide or iodide of potassium with 
the formation of the respective bromide or iodide of silver ; 
the thermal effect of the reaction can be expressed in the 
following manner :— 

2(KOHAq, HClAq) —2(KOHAQq, HTAQq) 
2dgCh, 2KTAq) = | 4 (4g,0, 2HTAq) — aa, 2HCIAg). 
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Now, since the first difference is approximately equal to 
zero, and the second is, on the other hand, strongly positive 
(namely 63,720 c —42,580 c), the reaction will take place 
with an evolution of 21,140 c. The reaction is therefore 
dependent upon that difference between the heats of reaction 
of the three halide acids with silver and other analogous 
oxides which was described on p. 323. 


E. HALIDES OF THE METALS. 


The halides of certain of the metals, as, for instance, Pt, Pd, 
Au, Hg, etc., combine with the corresponding halogen acid to 
form acids soluble in water, the properties of which remind us 
in many respects of hydrochloric, hydrobromic, and hydriodic 
acids. The formation of these acids is accompanied by an 
evolution of heat, notwithstanding that the reacting constituents 
are already present in aqueous solution; so that, for example, 
from the facts previously given in describing the various 
metals, the thermal effect of the following processes will be 


(AuCl,4q, HClAqg) = 4530c 
(AuBr,4q, HBrAq) = 7770 
(HgCi,Aq, 2HClAg) = 1920. 


In these instances there is therefore an actual reaction 
taking place between the two solutions, whilst solutions of, for 
example, MgCl, FeCl,, CuCl, etc., are without action upon 
aqueous solutions of hydrochloric acid. In all these cases the 
heat of reaction is greatest for the iodine compounds, lower 
for those of bromine, and lowest of all for the chlorine 
compounds, 

The majority of these acids are not known in the free 
state, but only as crystalline hydrates, such as H,PtCl,. 6H,O, 
HAuCl,. 4H,0, HAuBr,.5H,0, HHgBr;. 4H,O, etc. ; the last- 
mentioned acid is decomposed in aqueous solution to form 
HgBr, and H,HgBr, (see also “Tin,” p. 271). All these 
acids have the same heat of neutralization as an equivalent 
amount of hydrochloric acid, and, similarly to it, they form 


DYNAMICS OF CHEMICAL PROCESSES 349 


soluble salts with the majority of the metals; the Pb, Hg, and 
Ag salts are, however, insoluble. 

On neutralization with sodium hydroxide these acids form 
salts which are not as a rule decomposed by an excess of the 
alkali ; only when the solution is heated to the boiling-point 
does decomposition take place, with separation of the metallic 
hydroxide. This is the case, for example, with NaAuCl, 
and Na,PtCl,; but Na,PtCl,, on the other hand, is not decom- 
posed on boiling with an equivalent amount of a caustic soda 
solution. 

It is worthy of note that the oxides of those metals which 
form compounds with the halogen acids give only a very small 
thermal effect (heat of neutralization) when acted upon by 
nitric acid in aqueous solution, and many of them are even 
insoluble in this acid, whereas they all react vigorously with 
hydrochloric acid. Coupled with this is the well-known fact 
that the addition of hydrochloric acid does not cause the pre- 
cipitation of silver chloride from a solution which contains 
mercuric hydroxide, silver hydroxide, and nitric acid, until the 
mercuric nitrate has first been converted into chloride. 


F. BEHAVIOUR OF THE METALS IN THE PRESENCE OF 
WATER AND OF ACIDS. 


The behaviour of the metals in the presence of water and 
of acids serves to illustrate the principle that I have laid down, 
namely, that the tendency -.of matter to attain a state of stable 
equilibrium is the cause of chemical processes, which must 
therefore be attended by a liberation of energy, usually mani- 
fested in the form of heat. 

It has already been stated that with regard to the magni- 
tude of their affinity towards oxygen the metals can be arranged 
in the following order: the metals of the alkaline earths 
(including MgO) and of the alkalies, and then Mn, Zn, Fe, Sn, 
id, Go, Ni, Pb, Ti, Cu, Hig,“Pd, Ph, Ag, and Au. The 
affinity is positive for all the metals with the single exception of 
gold; and the magnitude of the thermal effect on formation of 
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their oxides or hydroxides determines their behaviour towards 
water or the acids. 

If the heat of oxidation of a metal is greater than 68,360 ¢ 
for each gram-atom of oxygen—that is to say, greater than the 
heat of formation of water—the metal will, as a consequence, 
decompose water with evolution of hydrogen, From the figures 
in Table 24 it is evident that this is the case for the alkali 
metals and alkaline earths, together with Mg, Mn, and Zn, all 
of which react with water to form hydroxides. The velocity 
with which the reaction takes place is, however, very different, 
and depends partly upon the greater or lesser affinity of the 
metal for oxygen, and partly upon the solubility of the 
hydroxide formed in water. Whilst in the case of potassium 
the reaction is very violent, it is scarcely appreciable for 
manganese and zinc, since the surface of the metal is coated 
by the insoluble hydroxide formed; it is only when the 
metal is pulverized, or freed from the coating of hydroxide, 
that the action becomes vigorous. 

Whilst the heat of formation of liquid water is 68,360 c, the 
value amounts only to 58,o60c for 1 gram-molecule of water 
vapour at 100°, and the limiting values for the metals which are 
able to decompose water vapour thus come to lie between those 
of nickel and lead, for which the heats of formation of the 
oxides are respectively 60,840c and 50,300c. In addition to 
the metals which decompose liquid water, it was therefore 
to be expected that Sn, Fe, Cd, Co, and Ni would also 
decompose water vapour with evolution of heat, and this has 
been confirmed by experiment. The oxides of the remaining 
metals, namely, Pb, Tl, Cu, Hg, Pd, Pt, Ag, and Au, of 
which the heats of oxidation are less than 58,060 c, are, on 
the other hand, reduced to the metallic state by means of hydro- 
gen, and this also takes place with evolution of heat. Similarly 
the higher oxides, such as MnO, and CrQ,, are reduced by 
hydrogen to the lower oxides with evolution of heat. 

A remarkable property is found to exist in the case of 
nickel, cobalt, and iron, since these metals decompose water 
vapour, whilst their oxides are also reduced by hydrogen. The 
heats of formation of these oxides, which vary from 60,280 c to 
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68,280 c, approximate very closely to that of water vapour, 
namely 58,060c; thus the thermal effect is but small in both 
cases, and the course of the process must to a great extent 
depend upon the relative amounts of the reacting substances. 

The behaviour of the metals tn the presence of acids is of 
great interest, since it affords numerous examples by means of 
which “ the right of the stronger” has been found to hold good 
throughout the course of chemical reactions. Hydrochloric, 
sulphuric, and nitric may be regarded as the most impor- 
tant acids, since by the action of metals they form salts, most 
of which are readily soluble. The thermal effect is of course 
dependent upon the character of the reaction, the simplest rela- 
tion being found in the action of hydrochloric acid upon the 
metals. 

(a) Hydrochloric acid dissolves a number of metals with 
evolution of hydrogen; the hydrochloric acid is thus decom- 
posed with the formation of a chloride of the metal. The 
necessary condition for the reaction will therefore be that the 
thermal effect should be positive. Now, since the process 
corresponds to the equation 


(M1: 2HClAq) = (M, Cl, Ag) — (Hy Cly Aq), 


where JZ represents the metal, the condition of the reaction 
will be that 


(MZ, Cl, Ag) > (Zs, Ch, Ag). 


The heat of formation of 2 gram-molecules of hydrochloric 
acid in very dilute aqueous solution is 78,630c; this value 
decreases as the concentration of the acid increases, and for a 
very concentrated acid amounts only to about 60,000c (see 
p. 80). If now we compare with this the numbers con- 
tained in Table 19, which are the heats of formation of the 
chlorides of the metals in aqueous solution, we shall find that 
for r gram-molecule of Cl, the value is less than 78,630 c in the 
case of gold, platinum, silver, mercury, lead, and copper, all of 
which metals are known to be insoluble in dilute hydrochloric 
acid. For tin the heat of formation is 81,140 c, and it is much 
higher for the other metals, namely, 112,840 c for zinc, 292,340 ¢c 
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for potassium. 7% thus forms a transition metal; the heat 
of formation of stannous chloride is but little removed from 
78,630 c, and the metal is acted upon to only a small extent 
by dilute acid ; but with increased concentration of the acid its 
heat of formation falls off, so that the affinity to be overcome 
must also become less, and the solution of tin in strong hydro- 
chloric acid will therefore take place with a very large evolution 
of heat. Lead also gives rise to lead chloride and hydrogen 
when acted upon by concentrated acid ; the heat of formation 
of lead chloride in aqueous solution is 75,970 c, and this very 
greatly exceeds the heat of formation of concentrated hydro- 
chloric acid, which, as has been shown above, can fall to about 
60,000c. Even copper dissolves in concentrated hydrochloric 
acid with evolution of hydrogen and the formation of cuprous 
chloride, of which the heat of formation is 65,750c; and, here 
again, the process takes place with evolution of heat ; but owing 
to the small difference in the heats of formation of the two 
substances the reaction only proceeds vigorously when the 
liquid is warmed, and more particularly if we make use of finely 
divided copper. 

When a metal is dissolved in hydrochloric acid, it is always 
the lower chloride which is formed ; thus tin, copper, and iron 
give stannous, cuprous, and ferrous chlorides, and not the 
higher chlorides, because the former process takes place with 
the greater evolution of heat. It is also found that the higher 
chlorides of these metals are reduced to the lower state of 
oxidation by the action of the metal, and this process is 
likewise attended by an evolution of heat. 

(6) Sulphuric acid in dilute solution shows similar proper- 
ties to hydrochloric acid, and forms sulphates with evolution of 
heat. ‘The limit for the two groups of metals is essentially the 
same, copper alone amongst the metals which give off hydrogen 
forms an exception, since the limit is determined by the equation 


(M1, O, SO,Ag) > (Hs, O, SO3AQ) ; 
that is to say, the heat of formation of the sulphate must be 


greater than that of 1 gram-molecule of water, ze. 68,360 c, 
whilst the value for copper is only 55,960 c, 
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Thallium is on the border-line, with a heat of formation 
of 70,290 c for the sulphate; and the solution of the 
metal in very dilute acid is therefore also very slow; but with 
increased concentration of the sulphuric acid solution the 
thermal value rises, and at the same time the velocity of 
solution increases. When zinc is dissolved in dilute sulphuric 
acid the heat evolved will, according to Table 29, amount to 
3757 30 C- 

Lf the sulphuric acid solution is very concentrated, the reaction 
takes place in other ways; the most familiar instance is the 
solution in concentrated acid with evolution of sulphur dioxide. 
The reaction is expressed by the following equation :— 


R +5790, = RS0, + 90, + 28,0) 


and the thermal value of the process for 1 gram-atom of a 
divalent metal (/) will be 


(R, Or SO;) + 2(Hy O) + a+b — 2(Hy, Oy SO) = V. 


ais the heat of vaporization of 1 gram-molecule of SO, 
(6200 c), which must be added on, since the sulphur dioxide is 
eventually evolved as a gas—this is a secondary effect which 
should have no influence on the thermal value of the process ; 
b is the thermal effect due to the reaction between the water 
formed and the free acid present. If the latter be taken as 
1 gram-molecule, 2 will be equal to g400c. The remaining 
values will be found in the tables referred to. On inserting 
these we obtain 


(kz, OC, SO,) = 91,360c= PV; 


that is to say, the thermal effect of the process will be positive, 
provided the heat of formation of the sulphate is greater than 
91,360 c ; and this is the case for all the metals with the excep- 
tion of gold and platinum. For silver sulphate the heat of 
formation is 96,200 ¢, so that silver, like the remainder of the 
metals, forms a sulphate when acted upon by concentrated 
sulphuric acid. The thermal value for zinc would be 67,630 ¢ 
(see Table 27). 

If we assume that the same process takes place with zinc 
and very dilute sulphuric acid, the thermal value will be 

T.P.C. 2A 
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42,460 c, which is thus 4730 c greater than when zinc dis- 
solves in dilute acid with evolution of hydrogen, and yet the 
former process does not take place. The formation of 
sulphur dioxide is hindered by the tendency of the molecules 
to retain their original configuration; it is only when this 
opposition to any change of the status guo is removed, by 
raising the temperature and concentration, that the reaction 
proceeds. But there is nevertheless a third reaction, inter- 
mediate between the other two, namely, the solution of zinc with 
evolution of hydrogen sulphide. 

This reaction occurs when on evaporation of the acid 
a certain concentration has been reached, and takes place 
according to the equation 

4Zn + 5H.SO,Aqg = 4ZnSO,Aq + H,S; 


the process is attended by an evolution of heat amounting 
to about 57,900 c for each gram-atom of zinc. 

The reaction between zinc and sulphuric acid can thus proceed 
in three different ways, characterized respectively by the evolution 
of hydrogen, hydrogen sulphide, and sulphur dioxide. The 
thermal effect in the three cases is 


Zn+ H,SO,Aq = ZnSO,Aq+H, thermal effect 37,730c 
4Zn+5H,SO,Aq = 4ZnSO,Aq+H,S if 4 X 57,900 ' 
Zn+2H.SO,= ZnSO,+SO0,+2H.0 _,, 67,630. 

Thus the processes follow on, one after the other, with 
rise of concentration and of temperature, and with an 
increasing thermal effect; and at the same time a larger 
proportion of the original molecules undergo a change in 
constitution. Whilst in the first case the whole of the SO, 
radicals retain their form unchanged, in the second one-fourth 
of them are decomposed, and in the last example one-half. 
We have here an excellent illustration of how the tendency to 
maintain the status guo is overcome by means of a greater 
concentration and a higher temperature. 

In connection with this I may mention that sulphuric acid 
in dilute solution is not reduced either by hydrogen or by 
hydrogen sulphide, notwithstanding that such a process would 
be attended by an evolution of heat; it is only at great 


- 


‘ 
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concentration, and on heating strongly, that the action can 
be brought about. 

(c) Witric acid behaves in essentially the same way as 
sulphuric acid, but the solution of the metal with evolution of 
hydrogen is, however, but rarely observed, since the hydrogen 
has a reducing action on the nitric acid, giving rise to nitrous 
oxides, hydroxylamine, and ammonia. Usually, therefore, the 
reaction proceeds with the formation of the nitrate, and at 
the same time nitrogen or its oxides are evolved. When the 
resulting product is nitric oxide (VO), the thermal value of 
the process for each gram-atom of a divalent metal dissolved 
in very dilute nitric acid will be 


(R, 0, N,0;4q) — (20, O,, Ag) = V. 


The last process corresponds to an evolution of 3 x 24,320¢, 
and therefore those metals of which the heat of formation of 
the nitrate is attended by a greater thermal effect than 24,320¢ 
for each gram-atom of metal are dissolved by very dilute acid. 
We see from Table 29 that this is the case for all the metals 
with the exception of silver, for which the value amounts only 
to 16,780 c when very dilute acid is used. But if the con- 
centration of the acid be increased, the magnitude V will also 
increase; for whilst the first term of the equation above is 
increased, the second has a lower value; V will therefore 
be positive for an acid corresponding to a formula of 
approximately HNO, . 3H.O. Moreover, at a higher temperature 
and concentration the reaction can assume a different character, 
since the molecule VO is then decomposed with evolution of 
heat, so that nitrogen appears as one of the products of the 
reaction. Whilst at low temperatures copper dissolves in 
dilute nitric acid with an evolution of 28,000 c, this value, 
provided the temperature of the liquid be raised, can only rise 
to about 50,000 ¢, since the nitric acid would then be reduced 
to nitrogen. 

As a metal which can decompose water, zinc on treat- 
ment with very dilute nitric acid will form zinc nitrate and 
hydrogen, with a thermal effect of 34,150 c; but nascent 
hydrogen has a reducing action on nitric acid, whereby water 
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and ammonium nitrate are formed; and by this means the 
evolution of heat is increased by 47,160 c for each gram-atom 
of zinc, so that it reaches a total of 81,310 c. ‘Thus on placing 
a bright strip of zinc in very dilute nitric acid, we notice that 
the metal dissolves without a trace of any gas being given off, 
whilst a heavy liquid settles around the metal. 

(2) Aqua regia behaves in much the same way as chlorine, 
since hydrochloric and nitric acids decompose each other in 
concentrated solutions, forming chlorine and nitrosyl chloride, 
in which the chlorine is so feebly bound that it can be decom- 
posed even by gold and platinum. Since agua regia behaves 
in almost exactly the same way as chlorine, it will react with the 
metals, giving rise to the /igher chlorides, such as AuCl,, 
H,PtCl,, CuCl,, SnCl,, Fe,Cl,, etc., whilst hydrochloric acid, on 
the other hand, forms the lower chlorides, such as Cu.Cl., 
SnCl,, FeCl, since the process will produce a considerable 
amount of energy which decomposes the hydrochloric acid. 

(ce) The precipitation of a metal from solution by means of 
another metal follows the given rule ; that is to say, the strongest 
affinities always prevail, and the process is accompanied by 
an evolution of heat, as shown by the values in Table 29. In 
accordance with experience the order will be silver, mercury, 
copper, lead, cadmium, zinc, etc., and the first-mentioned metals 
will be precipitated by those which follow ; it must, however, be 
remembered that many of the metals, such as zinc, aluminium, 
and magnesium, have so strong an affinity for oxygen that they 
can be oxidized at the expense of water, after which they 
combine with the acid of the salt present in solution, so that 
the metal of the latter is precipitated as oxide and not as the 
metal. A well-known instance of this is the action between 
zinc and a neutral solution of an iron salt. 


G. DECOMPOSITION OF OXIDES BY MEANS OF CHLORINE 
AND CARBON OR CARBON MONOXIDE. 


Amongst the numerous chemical processes which take 
place with evolution of heat may be mentioned the formation 
of the chlorides of aluminium, silicon, and titanium from their 
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oxides by the simultaneous action of carbon and chlorine. It 
is evident from the thermal values given for these processes 
that neither chlorine nor carbon alone can decompose the 
oxides mentioned with evolution of heat,! and, as we know, 
decomposition does not take place. On the other hand, if 
the two substances act simultaneously upon the oxide, the 
sum of the affinities—that is, the affinity of chlorine for 
the electropositive element of the oxide and of carbon for 
oxygen—is greater than the affinities of the constituents of the 
oxide for each other, and as a result the decomposition is 
accompanied by an evolution of heat. In addition to the 
chloride the products of the reaction will, according to the 
conditions, consist of the monoxide or dioxide of carbon. 
If we represent the oxide by #,0O,, the thermal value of the 
process will correspond to one of the following equations :— 


V = (Ray Chan) — (Ra On) + HC, Or) 
V=(h,;Ch,) = (Ry O,) + 0(C, 0), 


according to whether the monoxide or dioxide is formed. 
Now, since 4+(C,O,) is equal to 48,480 c and (C, OQ) is equal to 
29,000 c, whilst the difference (2,, Ch,,) —(#,,0,) is equal to 
— 7” X 24,360 c, to —” X 19,165 c, and to — ” X 22,320 Cc, 
respectively, for silicon, titanium, and aluminium, the process 
will in both cases be attended by a large evolution of heat ; 
for example, for aluminium— 


II 


V= 3 X 48,480 ¢ = 3 X 22,320C= 78,480 c 
= 3 X 29,000 = 3 X 22,320 = 20,040 


This method of forming the chlorides was first mentioned by 
H. C. Orsted ; at a later date he modified the method, in that 
carbon monoxide was employed in place of carbon (Riban, 
Bul. soc. chim. 39, 14). The heat of oxidation of carbon 
monoxide (CO, O) is equal to 67,960 c, so that we have, for 
example, for aluminium— 
Vz = 3 X 67,960 c — 3 X 22,320 C = 136,920 c, 


1 At the temperature of the electric furnace, silica and carbon yield 
silicon (translator). 
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The thermal effect will therefore be much greater than 
when carbon is used, and the process will also proceed at a 
lower temperature than in the first case. 


H. DECOMPOSITION AT HIGH TEMPERATURES. 


It is a matter of common experience that a number of 
compounds which are very stable at low temperatures are 
decomposed when subjected to strong heating. The decom- 
position is in many cases accompanied by a large evolution of 
heat, as, for example, with a number of explosive substances, 
and the process is then in accordance with the majority of the 
reactions already described, in which the tendency of matter 
to attaina state of more stable equilibrium produces a reaction 
with evolution of energy. As an example we may mention 
the decomposition by heat of potassium chlorate, potassium 
bromate, and silver oxalate ; for the first two reactions the 
thermal effect is comparatively small, but it may nevertheless 
be sufficient to raise the substance to a red heat ; in the last 


case the decomposition takes place explosively, since the silver 


oxalate is converted into metallic silver and carbon dioxide 
with a very large evolution of heat. 

In the majority of cases, however, the decomposition of 
a compound at high temperatures is attended by absorption 
of heat; but it is often apparent that the temperature which 
brings about the decomposition stands in some definite relation 
to the magnitude of the affinity which has to be overcome. 
Thus the absorption of heat on decomposition of the following 
carbonates to carbon dioxide and the oxide of the metal is 


Lead carbonate . . 1. « « s#@§80¢ 
Caleium carbonate. ... . . 42,546 
Strontium carbonate . .« . « §§,770 
Barium carbonate .. . . . 62,220 


Amongst these carbonates that of lead is decomposed at a 
moderately low temperature, the calcium and strontium salts 
require a higher temperature, and barium carbonate is de-— 
composed only by very strong ignition. 


DYNAMICS OF CHEMICAL. PROCESSES 359 


The same relations are observed in the decomposition of 
the corresponding nitrates to RO, O, and N.O,, which are 
attended by an absorption of respectively 


57,810 C, 74,350 C, 94,030 C, 104,650 C; 


so that here again the temperature necessary to the decom- 
position rises with the amount of heat absorbed in the decom- 
position; but in the case of the nitrates the temperature is 
lower than for the corresponding carbonates, notwithstanding 
that the heats of formation of the former salts are greater than 
those of the latter. 

A number of metallurgical processes are also attended by a 
large absorption of heat, as, for example, in the separation of 
Na, Mn, Zn, Cd, Sn, Fe, etc., from their oxides or salts by 
fusion with charcoal. In order to decompose the oxides of 
Cd, Sn, and Fe, about 66,000 c are required for each gram- 
atom of oxygen; whilst carbon on uniting with a gram-atom 
of oxygen evolves only 29,000 c or 48,480 c, according to 
whether the monoxide or the dioxide is formed, a considerable 
amount of heat is consequently taken up during the course of 
the reaction. 

There are therefore a great many chemical processes which 
proceed with absorption of heat; but the chief examples of 
these must be sought in reactions which take place between 
dry substances at high temperatures. On the other hand, it 
would appear as if those reactions which take place in solution, 
and similarly also a large number of those which proceed with- 
out the action of water, or between dry substances, follow the 
given rule, according to which the chemical process takes 
place with evolution of energy; that is, in accordance with 
general dynamical principles. At present we have no know- 
ledge of the conditions of stability of a chemical compound at 
high temperatures. But although there are many deviations 
from the dynamical principles laid down for chemical pro- 
cesses, which have not yet been explained, there are never- 
theless a great many instances in which the theory is supported 
by so large a number of facts that, notwithstanding the defi- 
ciencies indicated, it still affords an important means of grouping 
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the majority of chemical processes from a common standpoint, 
and, at least apparently, explains their course on a dynamical 
basis ; that is to say, as the result of the tendency of matter to 
attain a state of stable equilibrium, 


I, DEPENDENCE OF THE THERMAL EFFECT UPON THE 
MOLECULAR WEIGHTS OF THE REACTING SUBSTANCES. 


Allied elements form, as is well known, compounds of 
analogous composition and with common properties, such as 
solubility in water or in acids, volatility, stability at high tem- 
peratures, and so on; properties which, however, change 
somewhat with the atomic weights of the elements in the 
compound. ‘Thus the solubility in water falls off from lead 
chloride to lead bromide, and from the bromide to the iodide, 
when the atomic weight of the varying element of the com-— 
pound increases; and similarly also for the sulphates of the 
alkaline earths and many other compounds. In a like manner 
the volatility falls off with a rise of atomic weight in the series 
of the higher chlorides of phosphorus, arsenic, and antimony, 
or in the sulphurous, selenious, and tellurous acid series ; whilst 
the stability of the carbonates at high temperatures increases 
in the alkaline earth series, Mg, Ca, Sr, and Ba, as the atomic 
weight rises. 

Similar regularities are also noted with respect to the mag- 
nitude of the thermal effect which accompanies those chemical 
processes in which analogous compounds are formed from 
allied substances. It has already been mentioned that the 
thermal value of the formation of analogous halogen com- 
pounds, with hydrogen or a metal as one of the constituents, 
is greatest for the chlorides, less for the bromides, and least 
of all in the case of the iodides ; and here also the thermal 
effect falls off as the atomic weight of the halogen increases. 
The same decrease in thermal effect with a rise of atomic 
weight is observed on formation of the oxygen compounds of 
chlorine and bromine, sulphur and selenium, phosphorus and 
arsenic. In each of these groups the thermal value is greatest 
for the first member; but we now observe the following 
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peculiarity, namely, that the third member belonging to each 
of the three groups, ze. I, ‘Te, and Sb, produces a greater 
thermal effect than the second on formation of the correspond- 
ing oxygen compound (see p. 217). We may therefore 
conclude that the affinity between the first two members in 
every group is greater than that between either of these and 
the third member. 

There is at present no satisfactory answer to the question 
as to the relation between the thermal effect and the atomic 
weight, although some such connection may be observed in 
the material under consideration; I shall therefore restrict 
myself to pointing out this connection in the case of one group 
of elements, namely, the metals of the alkaline earths, Mg, Ca, 
Sr, and Ba. 

The relation of the compounds of magnesium, calcium, stron- 
tium, and barium to water shows very plainly the dependence 
of the affinity upon the molecular weight of the substance. 
Arranged in order of the magnitude of their atomic weights, the 
elements named form the following series :— 

Mg Ca Sr Ba 

24 40 88 £37 
and the physical and chemical properties of their compounds 
vary in precisely the same order, as does also the thermal 
effect attendant upon their analogous reactions. 

The oxides of these metals show different degrees of affinity 
towards water ; for magnesium hydroxide is decomposed at 
quite a low temperature, calcium hydroxide at a red heat, 
whilst the hydroxides of strontium and barium are decomposed 
only after a prolonged heating at a far higher temperature. 
Precisely the same relation holds for the heats of hydration of 
the oxides, namely— 


(MgO, H,0) = about 3,000 c 


(Cad, ff, 0) ass 15,540 
(S740) = f° 17,700 
(B20, H,0)= , 22,260. 


The hydroxides are not all equally soluble in water; mag- 
nesium hydroxide is almost insoluble, calcium hydroxide very 
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sparingly soluble, strontium hydroxide dissolves more easily, 
and barium hydroxide is the most soluble of all. The heats 
of solution of the hydroxides were found to be 


(Mg(Of7),, Ag) = about oc 
(Ca(OH). Aq) 2,790 
(Sx(O),, Ag) = 11,640 
(Ba(Of)., Ag) = 12,260. 


Thus the Aeats of hydration of the oxides of the metals, and 
similarly also the heats of solution of the hydroxides, increase 
with the molecular weight of the compound. 

The halides of these metals behave in the opposite manner, 
for the affinity of these compounds for water, and likewise the 
thermal effect of their combination with the latter—that is, their 
heats of hydration—are in each series of halides smadler the greater 
ts the molecular weight of the compound. Amongst the anhydrous 
chlorides MgCl, is the most strongly hygroscopic, and BaCl, the 
least so; and whilst the chlorides of the first three metals take 
up six molecules of water of crystallisation, BaCl, can combine 
only with two molecules ; the affinity for water thus decreases 
with the rise of atomic weight. Zhe heats of hydration and of 
solution of these chlorides are as follows :— 


(MgCt, 6f,0) = 32,970 c (MgCl, Ag) = 35,920 € 
(CaCi,, 64,0) = 23,756 (CaCh, Aq) = 17,410 
(S7Ch, 627,0) == 18,640 (SrCh, Ag) = 11,140 
(Bach, 240) = 7,000 (BaCl,, Aq) = 2,070. 


This comparison shows that the heats both of hydration 
and of solution decrease regularly when the molecular weight of 
the chloride increases. A similar relation is found for the other 
halogen compounds of these metals, and also for a number of 
their salts, such as the nitrates and dithionates. Thus the 
heats of hydration of the nitrates of calcium and strontium are 

(CaNV,0,, 4f2,0) = 11,200 c 
(SrV.0;, 44,0) = 7,670, 
so that the heats of hydration of the nitrates also decrease 


with a rise of molecular weight; this behaviour is in accord- 
ance with the fact that magnesium nitrate takes up six molecules 
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of water, the nitrates of strontium and calcium only five, whilst 
barium nitrate is anhydrous. 

The heats of solution of the nitrates and dithionates also 
follow the same rule; the values are as follows ; — 


(CaNV,0;, 49) = +3950c (CaS,0;,.44,0, Ag) = —7970C¢ 
(SriV,0,;, Aq) = — 4620 (S7rS,0;.4,0, Aq) = —9250 
(BaN,O;, Ag) = —9400 


so that here again the heats of solution decrease with rise of 
molecular weight. 

A comparison between the heats of solution of the chloride, 
bromide, and iodide of the same metal shows the following 
characteristic property, namely, that in the Li, Na, Ca, Sr, and 
Ba series the value is lowest for the chloride, higher for the 
bromide, and highest of all for the iodide ; thus for equivalent 
quantities :— 


| Lig Nag Ca Sy Ba 
GF, | 16,880 c —2360c¢ 17,410 c Ti, TAOAc 2070 c 
Lr, 22,700 — 380 24,510 16,110 4980 
ts 29,780 +2440 27,690 a8 = 


But the reverse is the case in the Zn, Cu, Cd, Pb, and Au 
series, since the chlorides of these metals have the greatest, 
the bromides a lower, and the iodides the smallest heats of 
solution, as shown in the following table :— 


Zn Cu Cd Pb Aug 
(yp 15,630 c 11,080 c 301I0c | — 6,800c!} +2970c 
Bry 15,030 8,250 440 —10,040 | —2510 
Ty II,310 — —960 — ie 


This difference in behaviour in the heats of solution of the 
two series of halogen compounds can hardly be accidental, but 
must certainly be due to some unknown cause. 


PART IV 
ORGANIC SUBSTANCES 


CHAPTER XIII 


HEATS OF COMBUSTION OF VOLATILE ORGANIC 
SUBSTANCES 


A. METHODS OF INVESTIGATION AND NUMERICAL RESULTS. 


THE investigation of the thermal effect on formation of organic 
substances from their elements presents especial difficulties ; 
for only extremely few organic compounds can be directly so 
formed, and then it is usually under conditions which are not 
adapted to thermochemical research. ‘The heats of formation 
of some substances can be determined indirectly in solution, 
by decomposition with other substances of which the heats of 
formation are already known. ‘Thus, for example, the heats 
of formation of zinc methyl, acetyl chloride, chloral, etc., can 
be derived from the thermal effect of their decomposition by 
means of water or of the solution of an alkali, provided the 
heats of formation of the products of the reaction, 7.¢. of 
methane, acetic acid, chloroform, or formic acid, ete., have 
already been determined. In a like manner the heats of 
neutralization of the organic acids, alkaloids, and amines can 
be measured in solution; but the’ fundamental values, such as 
the heats of formation of the hydrocarbons, alcohols, acids, 
amines, nitriles, etc., cannot be measured either by such direct 
or indirect methods, - 

At the present time there is no satisfactory process known 
for the measurement of these values, other than the estimation 
of the heats of combustion; that is to say, the thermal effect 
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due to the complete oxidation of the substances, by means of 
which carbon dioxide, water, nitrogen, hydrogen chloride, etc., 
are formed. ‘The procedure is therefore precisely similar to 
that employed for the quantitative determination of the com- 
position of organic substances ; for in the so-called elementary 
analysis the percentage composition of the substance is calcu- 
lated from a knowledge of the weights of water, carbon dioxide, 
etc., which are formed on complete oxidation of an organic 
compound, but the heat of oxidation is not taken into con- 
sideration. For thermochemical purposes, on the other hand, 
it is simply the heat of combustion which is the subject of 
investigation, whilst the percentage composition of the substance 
is taken as known; and the weight of the fully oxidized sub- 
stance is deduced from the weight of the products of com- 
bustion, provided it is not already known. If now from the 
formula 


J. C,H,0, 


we calculate the thermal effect due to the complete oxidation 
of 1 gram-molecule of the compound C,H.,0,, we obtain the 
equation 


(Cas Fy, O.) ae fa C,H,,0, = a(c, O2) 3% b( ft, O); 


that ts to say, the sum of the thermal value due to the formation 
of the compound from its elements, Cy Ha,, and O,, together with 
the heat of combustion of the compound, 1s equal to the thermal 
effect on direct formation of the products of combustion, aC O, 
and bf20. 

The thermal value on formation of a compound, C Az, O., 
can therefore be represented by the following general equation :— 


(Gris Fh, O-) = a(C, O2) + b(Zi;, O) — f. C,Ha,0,. 


Now, if the heats of formation of carbon dioxide and of 
water are known, the heat of formation of the substance will 
follow from its heat of combustion. 

The heats of combustion of the majority of substances 
(with the exception of formic acid and carbonyl chloride) are 
very much greater than their heats of formation, often even 
several times as great. Thus the heat of combustion of 
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1 gram-molecule of CH, is 211,930 c, whilst the. calculated 
heat of formation is 21,750 c—that is, only about one-tenth the 
value ; for 1 gram-molecule of CsH,, the heat of combustion 
iS 999,200 c, whilst its heat of formation is only 61,080 c, or 
about one-sixteenth as great. Whence it follows that the 
investigations must be so arranged as to attain the greatest 
possible accuracy in the determination of the heats of combustion ; 
for the whole error in this number will naturally fall upon the 
far smaller value, which represents the heat of formation. A 
difference of | per cent. in determining the heat of combustion 
of C;H,, amounts to 2498 c, and this will also affect the calcu- 
lated heat of formation z.¢, 61,082 c; but in the latter case the 
error will amount to 4 per cent. 

Hence it also follows ¢hat the investigation must be limited 
to compounds containing a small number of carbon atoms in the 
molecule, for otherwise the uncertainty will be far too great, 
even although the combustion experiments are carried out 
with the utmost care, since the direct measure of the heat 
of combustion can rarely attain a greater accuracy than } per 
cent. We must therefore lay special stress on the necessity 
of carrying out a large number of combustion experiments, 
and of obtaining an accurate determination for the first member 
in each series of homologous compounds ; for, as we shall see 
later, the heats of combustion of the higher members of the 
series can be derived from those of the lower members. My 
researches were consequently restricted to compounds contain- 
ing not more than six atoms of carbon in the molecule, except 
in the case of aromatic compounds, of which the first member 
already contains six atoms of carbon, when compounds con- 
taining as many as nine atoms of carbon were investigated. 

The heats of combustion are naturally dependent upon the 
state of aggregation, and we must therefore always start with 
the substance in the same condition if we wish to establish a 
comparison between the heats of combustion of a number of 
different compounds. Ihave confined my researches to volatile 
or gaseous organic substances, and determined directly the heats 
of combustion of all the substances examined in the state of gas 
or vapour. 
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The investigation comprised in all 120 organic substances, 
belonging to the following main groups: Aydrocarbons, com- 
pounds of chlorine, bromine, and iodine, alcohols, acids, aldehydes, 
ketones, oxides of alcohol radicals, sulphur compounds, esters, 
amines, nitro-compounds, and allied substances, 

In Thermochemische Untersuchungen, vol. iv. pp. 7-219, I 
have given an accurate description of the details of this very 
extensive research, including the construction of the apparatus 
used, the carrying out of the experiments, an account of all 
the direct observations, and of the general equations used in 
calculating the experimental results, as well as of the degree 
of purity of the substances under investigation ; in short, every- 
thing that is necessary for the complete interpretation of each 
separate experiment, so that the reader may be in a position 
to judge for himself as to the reliance which may be placed 
upon the experimental results. In the present volume [I shall 
confine myself to an account of the numerical results obtained, 
and of the theoretical conclusions that may be deduced 
therefrom. 


B. TABULAR COMPARISON OF THE NUMERICAL RESULTS OF 
THE EXPERIMENTAL INVESTIGATIONS. 


In the following tables I have collected together the 
numerical results of my determinations of the heats of com- 
bustion of organic substances, and also, derived therefrom, 
the thermal effect on formation of the compounds from their 
elements. The frst and second columns contain the names 
of the substances and their constitutional molecular formule. 
The third and fourth columns give the heats of combustion, 
which in the case of non-gaseous bodies is given both at the 
boiling-point and also in the state of gas or vapour at 18°, 
In each case it is assumed that the products of combustion are 
cooled to 18°, and that consequently carbon dioxide and 
nitrogen appear as gases—water, on the other hand, as a 
liquid. If a compound contains elements other than carbon, 
hydrogen, oxygen, and nitrogen, such as chlorine, bromine, 


. 
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iodine, or sulphur, the state of aggregation of these substances 
assumed in the calculations is given in the tables. 

The fifth column gives the heats of formation of the pro- 
ducts of the combustion; that is to say, the amount of heat 
which is evolved by the elements of the compound when they 
are burned in the free state, as, for instance, carbon to the 
dioxide, and hydrogen to water. Zhe heat of combustion of 
carbon is taken as 96,960 c for each gram-atom of carbon, this 
being the heat of combustion of amorphous carbon. The heat of 
formation of water is 68,360 c per gram-molecule. 

The sixth and seventh columns contain the heats of for- 
mation of the substances in the state of gas or vapour at 18°. 
This value is calculated from the heats of combustion accord- 
ing to the equation already given— 


(Cy, Hy, O,) = aC, O,) + Hy O) —f(C,HaO,). 


The values calculated in this manner are the heats of 
formation at constant pressure. External conditions, however, 
exercise a certain influence on these values, since the products 
formed usually occupy a smaller volume than the sum of the 
volumes of the constituent elements. ‘Thus 2 gram-molecules 
of hydrogen are required for the formation of 1 gram-molecule 
of CH,; this corresponds, therefore, to a decrease in volume of 
1 gram-molecule of hydrogen, or of 22,340 cubic centimeters 
at o° and 760 mm. pressure. Such a diminution of volume 
will result in the evolution of 543 c at o°, which corresponds 
to 580 c at 18°. If now from the heat of formation of the 
compound we subtract 580 c for each gram-molecular volume 
which has disappeared, we obtain the eat of formation at 
constant volume. It is this value which is given in the seventh 
column of the following tables :— 
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CHAPTER XIV 


THEORETICAL INVESTIGATION OF THE THERMAL 
PHENOMENA OF VOLATILE ORGANIC SUBSTANCES, 
AND THEIR DEPENDENCE UPON THE MOLECULAR 
CONSTITUTION 


THE preceding chapter contains the experimental results of 
my determinations of the heats of combustion of 120 organic 
compounds arranged in a tabular manner, as well as the 
thermal effect on formation of the compounds from their 
elements, these latter values being derived from the heats of 
combustion. In all the experiments it is assumed that the 
substance is present in the state of gas or vapour at 18°, that 
the combustion takes place at constant pressure, and also that 
the products are liquid water, gaseous carbon dioxide, sulphur 
dioxide, nitrogen, and chlorine; bromine and iodine as 
vapours at 18°. 

From the molecular heat of combustion we can calculate 
the thermal effect on formation of the molecule from its 
elements, since this is the difference between the heat of 
formation of the products (such as water, carbon dioxide, 
sulphur dioxide, etc.) and the heat of combustion of the sub- _ 
stance. Zhe heats of formation have been given in the pre- 
ceding tables both at constant pressure and at constant volume, 
and expressed in gram-calories ; but in the tables which follow, — 
the &zdogram-calorie will be taken as unit. 

The task now before us is to determine, if possible, to what 
extent the heat of combustion, and consequently also the heat — 
of formation, is dependent upon the molecular constitution. 
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1. Identity of the Four Valencies of Carbon. 


Carbon is the fundamental element in all the so-called 
organic compounds, and the tetravalence of the carbon atom 
mainly accounts for the large number of compounds formed. 
The first question which presents itself in a study of the 
dependence of the thermal phenomena upon the molecular 
constitution must therefore be to ascertain whether there is 
any difference between the four valencies of the carbon atom 
with respect to the strength with which the atom is able to 
combine with other atoms by means of one or other of its 
valencies. 

In order to answer this question I measured the heats of 
combustion of methane, and of the four hydrocarbons derived 
therefrom by the successive replacement of the hydrogen atoms 
by means of the CH; group; that is, of ethane, propane, tri- 
methylmethane, and tetramethylmethane. From Table 35 we 
find that 


Hydrocarbon. Molecular formula. sg a Difference. 
Mictuatie,. ... « «| ELC | 2093 Cal: 
ANT a” ng ea) Eee CHa BVOtAAN s3 Lo 050, 5h Cale 
meopanets, 205° 2 » | Hac. (CH); B2g72t 44 peerx Lhoiod 3 
Trimethylmethane .| HC.(CH,); 687°19 ,, sg X IEb 42 |, 
Tetramethylmethane. | C(CH,), SAP IE 4 «| A RISTO 55 


The difference between the heats of combustion of these 
four derivatives of methane and of that of methane itself are 
to be found in the fourth column ; from these numbers, which 
are seen to be multiples of a constant magnitude, it is evident 
that the replacement of each hydrogen atom in methane by a 
CH; group produces the same thermal effect ; or in other words, 
that the four valencies of carbon are identical. 

This fact excludes the possibility of there being two hydro- 
‘carbons of the formula C,H,; such as, for instance, dimethyl, 
CH,;.CH;, and ethyl hydride, H . C,H; ; and it has been experi- 
mentally demonstrated that only one such hydrocarbon exists. 
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The heats of combustion of the two supposed compounds were 
found to be 


Ethyl hydride . . . . gyo'9o Calrat 184° 
Dimethyl, .-," 3 J 2 S9ege° “22s 


The first of these substances was formed by the decomposition 
of zinc ethyl by means of dilute hydrochloric acid, the second 
by electrolysis of sodium acetate (see Therm. Unters., iv. 50). 
The two hydrocarbons are therefore identical, as are also the 
valencies of carbon. 
Furthermore, investigation of the halogen compounds has 
proved that zsomeric chlorides have equal heats of combustion, 
quite independently of which hydrogen atom in the hydro- 
carbon has been replaced by chlorine. Thus the heats of 
combustion of allyl chloride and of monochlorpropylene in the 
state of vapour at 18° (see Table 36) are 


Allyl ebloride . .. . 2. (CH,:ChH.CHAC] agao8 Cat ' 
Monochlorpropylene. . CH,:CCIl.CH, 45237 4 


‘ 
| 
( 
} 


The same holds good for ethylene chloride and ethylidene 
chloride, of which the heats of combustion are ! 


Ethylene chloride . . . CH,Cl.CH.Cl 296°36 Cal. | 
Ethylidene chloride. . . CH,. CHCl, 296°41 4, 4 


From the above-mentioned facts there can therefore be no 
doubt as to the identity of the four valencies of the carbon atom. 


2. Heats of Combustion of Homologous Compounds. 


The earlier researches on the heats of combustion of organic 
substances had already demonstrated the probability of the 
difference between the heats of combustion of two successive ty 
members in a series of homologous compounds being an ay 
approximately constant magnitude. My investigations help © 
to throw further light on the validity of this assumption. The if 
majority of the compounds investigated, of which the heats of 5 
combustion are given in the preceding tables, belong to 15 
series of homologous compounds. If we represent the mole-— 
cular formula of a member of such a series by JZ, and 
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consequently the first member by J4, the formula will be the 
following :— 

: M, = M, + (a - 1)CH,, 
and if we represent the heat of combustion of the term 
M, by /M,, this will be equal to 

fit, =f, + (@-1)Dy 2. « (1) 

where ZD is the constant difference found between the heats of 
combustion of two successive members. 

From the numbers contained in the tables we find that 
the following are the mean values of D for each group of 
compounds :— 


Group. [Nerivesignca D 
Paraffins : | 6 158°23 Cal. 
Olefines - | 4 158°49 ,, 
Acetylenes . . = | 2 S75 Olas 
Aromatic hydrocarbons “i 8 E5O7 2055 
Alcohols . . at 5 158°86 ,, 
Aldehydes and ketones . 2) 5 158°76 ,, 
Esters .° . Sta ae | 9 DRO AAy 5 

Eight groups | Mean value . . 158°57 ,, 


Somewhat lower values for Y were found in the following 
groups :— 


ge a a 74 
Halogen compounds ... . ay r57 40 Cal. 
Nitrilesand amines. . . . . | 10 057-70! 5; 
PMCS sric yee wD aed eee 3 15769 55 
Ethers . Pe een, ae 3 EGG 5O0 55 
Sul) i 4 ny cod ae 
Nitrocompounds . aa. 2 L57 OL 55 

Seven groups WiGAnyANG See D7 ont sy 


So that of the total 120 compounds investigated 71 give 
values which are in agreement with the assumption already 
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mentioned ; the remaining 49 compounds are isolated examples, 
and not successive members of homologous series. 

Thus we see that the difference between the heats of com- 
bustion of two neighbouring members in a series of homologous 
compounds ts a constant which shows very small variations for 
the different series ; these, however, seem to arrange themselves 
into two main groups, the one with an average value of D 
equal to 158°57 Cal., the other with a value of 157'11 Cal. I 
shall refer to the possible reason of this difference later on 
when considering the results of the separate groups. If we 
assume the difference D to be a constant with respect to each 
series of homologous compounds, the heats of combustion of 
all the members will depend only upon two values for each 
group, namely, upon the heat of combustion of one member, 
and upon the value of D in accordance with equation (r). 


8. Heat of Combustion of a Carbon Atom. 


The carbon molecule as known to us in its various allotropic 
modifications, such as the diamond, graphite, amorphous © 
carbon, etc., is a complex of atoms; but how many of these — 
atoms there are in the molecule is quite unknown. When 
compounds of carbon are formed, containing one atom only of 
carbon in the molecule, such as CO, CO,, CH,, HCN, etc., the 
carbon molecule must of necessity be first split up into atoms, 
and this entails absorption of energy. 

The formation of such a compound with one atom of carbon 
in the molecule will therefore take place with evolution of 
energy, and the magnitude of this will be equal to the differ- 
ence between the amount of energy resulting from the affinity 
of the carbon atom for the other constituent of the compound, 
and that part of the energy set free from each one of its atoms 
which is consumed in the splitting up of the carbon molecule. 

Thus if, for example, the heat of combustion of amorphous 
carbon is 96°96 Cal., this in no way represents the total energy 
which would be evolved in the union of a gram-molecule of 
oxygen with a gram-atom of carbon to form carbon dioxide, 
for the value would be diminished by that amount of energy 
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_ which was consumed in the breaking up of the carbon mole- 
cule. If we put the number of atoms in the carbon molecule 
as equal to 2, and the amount of energy consumed by the 
dissociation of the molecule into separate atoms as equal to 
nm X d, then every atom of carbon occasions a consumption of 
energy equal to d. 

Hence it follows that the heat evolved when 1 gram-atom 
of carbon unites with 1 gram-molecule of oxygen must be @ 
times greater than that which is observed in the case of mole- 
cular carbon, e.g. 96°96 Cal. + d. 

Furthermore, | have found that the thermal effect when 
1 gram-molecule of oxygen unites with carbon to form 2 gram- 
molecules of carbon monoxide amounts to 58°58 Cal. at 
constant volume. In this case 2 gram-atoms of carbon must 
have been split off from the carbon molecule, and this would 
occasion a consumption of energy equal to 2d, so that the 
thermal value of the formation of 2 gram-molecules of carbon 
monoxide from 1 gram-molecule of oxygen and 2 gram-atoms 
of carbon will be equal to 58°58 Cal. +2 xd. 

In each of these examples 1 gram-molecule of oxygen is 
decomposed ; in the first case with the formation of the mole- 
cule O: C: O, in the second with that of two molecules of 
O:C and C: OQ. In both instances the two oxygen atoms 
are each united to two out of the four valencies of carbon. 
Now, since the four valencies of carbon are identical, the heat 
evolved in the two cases must also be equal, and we therefore 
have— 

96°96 Cal. + d= 58°58 Cal. + 22, 
whence it follows that— 


That is to say, when a molecule of solid carbon, such as is 
Sound in amorphous carbon, is to be dissociated into its atoms 
with the production of a condition of motion equal to that which 
it has as the constituent of a gaseous compound, the solid carbon 
must be supplied with an amount of energy equal to 38°38 Cal. for 
every gram-atom set free. The carbon atom thus liberated will 
therefore, as the constituent of a gaseous compound, have a 
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heat of combustion which is 38°38 Cal. greater than that 
which corresponds to twelve parts by weight of amorphous 
carbon. 

If now we represent the absolute heat of combustion of a 
gram-atom of carbon by x, we obtain 


x = 96°96 Cal. + 38°38 Cal. = 135°34 Cal. 


This value is naturally twice as great as the heat of combus- 
tion of 1 gram-molecule of carbon monoxide at constant 
volume, namely 67°67 Cal.; for carbon monoxide on combus- 
tion takes up 1 atom of oxygen, the carbon atom, on the other 
hand, requires 2 atoms of oxygen to form carbon dioxide. 

It should be noted that the value thus found for x ts inde- 
pendent of the allotropic condition of the carbon, whereas d has a 
special value for each allotropic modification. ‘Thus for the 
diamond, when the heat of combustion is taken as about 
94°00 Cal., the value for d is 41°34 Cal. 


4. Dependence of the Heat of Combustion upon the 
Molecular Constitution—Thermochemical Constants. 


(a) If we wish to establish some connection between the 
heat of combustion of a compound and its molecular constitu- 
tion, it is as well to start with the hydrocarbons, since their 
molecules are composed only of two kinds of atoms, and one 
might therefore expect to find the simplest relations for their 
heats of combustion. 

If we represent the molecule of the hydrocarbon by C,H,,, 
and also remember, as has been proved above, that the four 
valencies of the carbon atom are identical, we are justified in 
assuming that all the hydrogen atoms in the molecule are 
united to the carbon atom in the same manner, and that they 
must therefore all contribute equally to the heat of combustion 
of the molecule. 

Suppose now we represent ¢hat part of the heat of combustion 
which corresponds to each of the carbon atoms in the molecule by 
x, and ‘that part of it due to each one of the hydrogen atoms 


b 


J 
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united to the carbon by y, then the heat of combustion of the 
molecule must be 


fC,Ha = ax + 2by— Sv, . «. « (3) 


where Sv indicates the summation of the energy corresponding 
to the collective bonds between the carbon atoms. The 
energy due to this latter must therefore be overcome by the 
combustion, since the product of the reaction is carbon dioxide, 
which contains only a single atom of carbon in the molecule. 

When the carbon atoms of a hydrocarbon are united only 
by simgle bonds, then their number will be 2a@—%. And 
representing the thermal effect due to the so-called single bond 
by 7, the equation given above becomes 


JC,Hy, = ax + 2by — (2a — by, 


which may finally be put in the following more convenient 
form :— 


FC,H.y, = a(x — 2v,) + d(2y +) =aA+dB (4) 


The heat of combustion will therefore be dependent upon 
the two constants 4 and B, the magnitudes of which can be 
derived from the values found experimentally for the heats of 
combustion of two members in a homologous series of hydro- 
carbons, since, as has already been explained, we may assume 

that there is a constant difference between the heats of com- 

bustion of two successive members in a homologous series. 
Now, since the difference in composition between two such 
members is CH.,, the difference in the heat of combustion 
will be 


DeAypP=a et amy . «. a ) 
When the hydrocarbon contains double bonds, f,, and when 
the energy due to these bonds is /,v,, then the number of single 
bonds will not be 2a — 4, but 2f, less than this; Sv will there- 
fore be 2f,v, lower and f.v. greater than it would be in accord- 
ance with equation (4); the heat of combustion will thus be 
fia = aA + oB + p,(22, a Uy) . . (6) 


If the hydrocarbon also contains ¢vif/e bonds, f,, the heat 
cP .C. 2¢ 
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of combustion will for the same reason be _ increased by 
£3(3% — vs), and will consequently be 


fC Hy = 4A + bB + p.(2v, — v%») + £:(301 — 2) (7) 


This, therefore, is the general equation for calculating the 
heat of combustion of a hydrocarbon. In this expression there 
are four constants; the first two of these can be derived from 
the heats of combustion of the paraffins, the other two from_ 
those of the non-saturated hydrocarbons. | 


; : b 
Now, since 1 gram-molecule of C,H,, requires (a + 2 


gram-molecules of oxygen for complete combustion, and forms — 
a gram-molecules only of the gaseous product (carbon dioxide), | 
the combustion must therefore be attended by a diminution in 


¢ f b a 
volume corresponding to ( “ 2) molecular volumes. By this. | 


means the heat evolved is increased by (x +2 Joss Cal., 


which must of course be subtracted from the experimental 
result in order to obtain a value independent of external con 
ditions; that is to say, the heat of combustion at constan 
volume. 

If now from the heats of combustion at constant volume 
(see Table 45) of the first five members of the paraffin series we 
calculate the probable values of 4 and & by means of the 
method of least squares, we arrive at the following result :— 


— 


A = 105'92 Cal. = (x — 27%) 


8 
B= 5242 5 =(2y+%) - 


In the same way from the heats of combustion at constan 
volume of the four hydrocarbons, C,H,, C,;H,y, C,Hs, and C,H, 
(diallyl), which together contain five dowble bonds, we ca 
find the value of (27, — 7). For since the sum of the hea 
of combustion of these four hydrocarbons is 2403°15 Cal. 
we have the following equation, in which 4 and Z have th 
values given in (8) :— 

154 +148 + 5(2v, — v7) = 240345 Cal. 
2322'40 Cal. + 5(2% — 7%) = 2403°15 ,, 
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whence it follows that— 
(ar, ai) ee OER Cal. es (9) 
For the calculation of the fourth constant (37, — vs), we 
make use of the heats of combustion of the three hydrocarbons, 
C,H,, C,H, C,H, (dipropargyl), which together contain four 
triple bonds, and of which the sum of the heats of combustion 
amounts to 1657°0o Cal. at constant volume. We thus have 


11d + 6B + 4(3v, — v3) = 1657'00 Cal. 
1479'52 Cal. + 4(327, — v3) = 1657°00 ,, 
and from this we find that— 
(3% — U3) = 44°37 Cal. . . ~ (10) 

In this manner we have determined the values of the four 
constants which enter into equation (7), and can therefore 
calculate the heats of combustion of the members of three 
series of hydrocarbons. The agreement between the values 
calculated by means of these constants and those found 
experimentally are shown in the table on p. 392. 

The four constants thus found can now be utilized in an 
endeavour to determine the values of «, y, v%, v,, and 7, which 
were found only by implication in the preceding determination. 

(4) In equation (8) x, or the heat of combustion of the 
carbon atom of a gaseous hydrocarbon, is expressed as 
dependent upon v,; now, since equations (9) and (10) give the 
relation between 7v,, v2, and v;, « can also be represented in 
terms of v, and v;, and we then have the following three 
values :— | 

x = 105'92 Cal. + 27, 
we taeo7 4 te tae kw we CE) 
B= TZ55O 25 + 303 

From this comparison, and also from equations (g) and 
(10), it is evident that the so-called double bond corresponds 
to a smaller thermal effect than two single bonds, and similarly 
that the triple bond has a far smaller effect than three single 
bonds. 

If the carbon molecule is saturated with respect to the link- 
ages between its constituent atoms, the molecule must contain 
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at least five atoms, for every carbon atom must be united to four 
other atoms; the number of the bonds is then double that of the 
atoms. In connection herewith we are reminded of the fact 
that the phosphorus and arsenic molecules, even in the state of 
vapour, contain four atoms ; that is to say, the smallest number 
which the molecule would be able to contain if each phos- 
phorus or arsenic atom were united by means of its three 
valencies to three other atoms, so that the molecule is 
saturated. 

When a carbon atom is set free from the molecule an 
amount of energy equal to 2% must be supplied, where wz 
represents the value of a bond between two atoms in the 
solid carbon molecule; but in order to convey to the atoms 
of carbon thus liberated the conditions of motion proper to 
gaseous substances, a further amount of energy must be sup-— 
plied, which can be represented by Z If now the heat of 
combustion of the free carbon atom, as in the preceding 
instance, be represented by x, the heat of combustion, /, of 
every twelve parts by weight of molecular carbon will be 
expressed by the equation 


ee 4 aete . 1. fee) 


The values of “and zw are naturally dependent upon the 
modification of carbon used. For amorphous carbon the heat 
of combustion, /, of twelve parts by weight is 96°96 Cal. ; 
equation (12), together with the first expression for x in 
equation (11), give us 


x = 96°96 Cal. + 24 +72 = 105'92 Cal. + 22. 
From this we can find the value of 4, namely— 
Z = 8:96 Cal. — 2(u — 2), 


which is therefore the difference in the energy content of a 
gram-atom of carbon in the gaseous state, and of one as the 
constituent of amorphous carbon. 

(c) The value of +—that is to say, the heat of combustio 
of a carbon atom in a gaseous compound, as derived from ar 
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investigation of the heats of formation of the oxides (see p. 382) 
—amounts to 


x = 135°34 Cal., calculated from the oxides of carbon, 


whilst in a totally different manner, namely, from the heats of 
combustion of fourteen hydrocarbons, we have deduced the 
values in equation (rr); and by means of the last of these 
expressions we find that— 


x = 135°50 Cal. + $v, calculated from the hydrocarbons. 


A complete agreement between these two values for «, 
which are arrived at by an entirely different set of experiments, 
will therefore be obtained by putting 27; equal to —o'16 Cal. ; 
that is, about one-thousandth part of the value of x. Owing to 
the small magnitude of this value, and to the relatively great 
confidence which must be placed in the first value for x, I have 
no hesitation in assuming that v, is equal to zero ; that is to say, 
that the thermal effect corresponding to the so-called triple bond 
between two carbon atoms ts equal to zero—a fact which is in 
satisfactory agreement with the state of labile equilibrium in 
which compounds with “triple” bonds are known to exist, 
so that some of them, as, for example, acetylene and 
dipropargyl, even become explosive. 

We are therefore fully justified in placing the heat of com- 
bustion of a gram-atom of carbon which forms part of the 
molecule of a compound existing in the state of gas or vapour 
at 135°34 Caé., and we must also remember that ¢his defer- 
mination 1s entirely independent of the molecular (allotropic) 
condition from which the atom of carbon was supposed to be 
derived, 

After having established the value of x, we can also deter- 
mine the absolute value for the remaining constants which enter 
into the heats of combustion of the hydrocarbons. It follows 
from equation (11) that when the value 135°34 Cal. is sub- 
stituted for x, the thermal effect of the single and double bonds 
will be 

i, iayr Cal. at oper Cal... . (73) 


Then from equation (8) we can find the magnitude of y > 
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that is to say, that part of the heat of combustion of the mole- 
cule which is due to each atom of hydrogen united to the atom 
of carbon. We thus have— 


B= 2y + v, = 52°40 Cal. v, == c4°7t Cal, 
whence it follows that— 
ay = 2760 Cals . » « « (Pal 


A comparison of this value with the heat of combustion of | 
1 gram-molecule of hydrogen brings us finally to a determination 
of the thermal effect corresponding to the bond between an atom 
of hydrogen and an atom of carbon. Incalculating the heat of 
combustion of a hydrocarbon, the products of the combustion 
are assumed to be gaseous carbon dioxide and liquid water. 
The thermal value on formation of r gram-molecule of water 
at constant pressure is shown by my researches (p. 193) to be 
68°36 Cal. If now we subtract from this value 2 x 0°58 Cal., 
we obtain 67°49 Cal. as the heat of combustion of 1 gram- 
molecule of hydrogen at constant volume. 

This value can, however, not be compared directly with the 
heat of combustion of 37°69 Cal. found above for 2 gram- 
atoms of hydrogen united to the carbon; for the first value 
corresponds to the combustion of a gvam-molecule of hydrogen, 
the last to the combustion of two gvam-atoms. If we represent 
the thermal value of the union of two atoms of hydrogen to a 
molecule by Z. 4, then the heat of combustion of 2 gram-atoms 
of hydrogen will be 67°49 Cal. + 4./, which on subtraction 
of 37°69 Cal. gives 29°80 Cal. +. as the thermal value 
due to the union of 2 gram-atoms of hydrogen to a carbon 
gram-atom. Representing this value by 2c.#, we have— 


2c.h,= 29°80 Cal. + 4.4, 


and therefore ithe thermal effect when 1 gram-molecule of 
hydrogen gives up its two gram-atoms to enter into combina- 
tion with a gram-atom of carbon will be 


ar=2¢.h—h.h= 2980 Cal. . . (15) 


(2) The preceding investigations have resulted in th 
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following values for the constants which enter into the heat of 
combustion of the hydrocarbons at constant volume :— 
1. The heat of combustion of each carbon gram-atom in a 
gas or in the vapour of a compound amounts to 


=> ran'a4 Cal, 


2. The heat of combustion of every two hydrogen gram- 
atoms united to a carbon gram-atom amounts to 


ay = 37°69 Cal. 


3. The thermal value corresponding to the different kinds 
of linkages between two gram-atoms of carbon is for 
the hydrocarbons 


, = 14°77 Cal, g == 73°29 Cal: “<2 0. 


4. The thermal effect due to the bond between hydrogen 
and a carbon atom amounts, for each gram-molecule 
of hydrogen of which the two gram-atoms enter into 
combination, to 


ar = 29°50 Cal. = os. 2 — 2. h. 


5. For the splitting up of the carbon molecule into separate 
gaseous atoms, each twelve parts by weight of carbon 
requires an amount of heat equal to the difference 
between x«—that is to say, 135°34 Cal.—and the heat 
of combustion of the carbon. In the case of 
amorphous carbon, of which the heat of combustion 
is 96°96 Cal., the difference for each gram-atom of 
carbon is 


d = 38°38 Cal. 


6. The difference between the heats of combustion of two 
successive members in a homologous series of hydro- 
carbons is 


x + ay — v, = 158°32 Cal. 


We shall now endeavour to determine how far the funda- 
mental values given above can serve for the interpretation of 
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the values of the heats of combustion and of formation of the 
different series of volatile organic compounds. 


5. Heats of Combustion of the Hydrocarbons. 


The heats of combustion of the hydrocarbons are to be 
found from the general equation (7)— 


{CHa = a4 + 0B + pal20, = 0») + A4(3%1 — 2) 


in which #, and /, represent the number of double and triple 
bonds; the constants 4 and B are 105*92 and 52°40 Cal., and 
(27, — %) and (37, — v,) have values of 16°15 and 44°13 Cal. 
We can also make use of the simpler equation (3)— 
JC,Ho = ax + 2by — Sz, 


since we can substitute 135°34 and 37°69 Cal. for x and 2y, and 
calculate Sv from the values given above for the different 
linkages, namely 14°71 Cal., 13°27 Cal., and zero. 


TABLE 45. 


HEATS OF COMBUSTION OF THE HYDROCARBONS. 


Heat of combustion at constant volume. 
Compound. CaHep EEE 
Experimental. | Calculated. | Difference. 
Cal. Cal. Cal. 
Methane . Ci, 210°77 210°72 +0°05 
Ethane Gell, 368°99 369°04 —0'05 
Propane te C,H, 527°47 527°36 +o'1r 
Trimethylmethane . C Bay 685°16 685°68 —0o'52 
Tetramethylmethane . CsA 844°79 844°00 +0°79 
Ethylene . 3 C,H, 332°19 332°79 —o'60 
Propylene GA 491°29 491'll +o'18 
Isobutylene . C,Hgs 648°88 649°43 —0°55 
Dially}. CeHio 930°79 929°82 +0°97 
Acetylene C,H. 300°18 308°37 +o'81 
Allylene . C;H, 466°39 466°69 —0°30 
Dipropargy! . C,H. 881°43 880798 +0'45 


In the preceding table the heats of combustion of th 
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hydrocarbons calculated in this manner are compared with 
the experimental results, these latter values being reduced to 


constant volume by subtracting (: + 0°58 Cal. from the 


heat of combustion at constant pressure of C,H,,, since the 
constants given above are only valid at constant volume. 
All the values are expressed in kilogram-calories, corresponding 
to 1000 c. 

The agreement between the calculated heats of combustion 
and those found experimentally is therefore in the highest 
degree satisfactory; in one case only does the difference 
amount to } per cent. of the heat of combustion, which shows 
that the calculated values for the constants must be very nearly 
correct. ‘To what extent they also hold good in the case of the 
aromatic compounds will be shown in the following pages. 


6. Constitution of Benzene. 


The constitution of benzene has been a much-disputed 
problem; for, on the one hand, it was assumed that the six 
carbon atoms were united by three single and by three double 
bonds, on the other, that the molecule contained nine single 
bonds. The investigations described have confirmed the 
accuracy of the last supposition. A comparison between the 
heats of combustion of the phenyl and the ethyl compounds 
will serve to illustrate this point. 

Now, as the molecules of the phenyl and of the correspond- 
ing ethyl compounds contain respectively six and two atoms of 
carbon in the radical, but are, for the rest, composed of the 
same elements, therefore the differences in their heats of 
combustion will be dependent only upon the different number 
of carbon atoms, and upon the consequent difference in the 
number of linkages between the carbon atoms of the radical. 
Hence the difference in the heats of combustion will be the 
same, whether we make use of the results of direct experiment, 
or else first reduce these to the corresponding values at 
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constant volume. The experimental results at constant 
pressure were as follows :— 


Compound. Heat of combustion. Difference. 
CoH 799°35 Cal. a 
CH. : 370°44 , 428'g91 Cal. 
Cela OH 768° 76 * * 
C,H; .- OH 340°53 ss 42 23 ” 
C,H, oe CH, 936°30 Pa 
C,H; Or; CH, 505°87 = 43°43 » 
pepe 763'88 
CrCl eine. ; 429°77 5; 


The mean value of these four determinations is 429°33 Cal. 
Now, since the heats of combustion of, for example, the two 
hydrocarbons are given by 

SCH, = 6x + 6y — Su 
fC. => 2X — 6y — Ty 
the difference will be 
4x + v, — Su = 429°33 Cal. 

If now for x and v, we insert the values given above, 

namely 135°34 and 14°71 Cal., respectively, we obtain— 
Sv = 126°74 Cal. 

Now, if the benzene molecule contains three single and 
three double bonds, the value of =v should be 83°94 Cal. ; 
if, on the other hand, it contains nine single bonds of equal 


| 


. 
. 
} 


value, as in the other hydrocarbons, Xv should be equal to — 


132°39 Cal. There can therefore be no doubt but that the 
phenyl radical contains nine bonds, and the magnitude of the 
thermal effect corresponding to the single bonds will thus be 
14°08 Cal., a value which differs very little from that found 
for the remainder of the hydrocarbons (14°71 Cal.). 

Precisely the same result is obtained on comparing another 
phenyl compound, namely avidine, with adlylamine (the reason 
that we cannot compare it with ethylamine will be referred to 
later). We thus have— 

C.H;. NH, = 838°47 mat 
tC, NH, = 53128 ,, J 307'19 Cal. 
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Since the allyl radical contains a single and a double bond, 
this difference of 307‘r9 Cal. must, in accordance with what 
has been stated above, correspond to 

34 + 2, + Yo — Su = 307'19 Cal., 
which, on substitution of the known constants, gives 
Sa = 126'8r Cal., 
and is thus in complete agreement with the values derived from 
the other four phenyl compounds. Consequently each of the 
nine bonds between the carbon atoms of benzene corresponds 
to a thermal effect of 
w= ¥4°00 Cal: 

Thus the carbon atoms of the phenyl radical are less 
strongly bound (0°62 Cal.) than is the case with the chain 
hydrocarbons; but an explanation of this behaviour readily 
suggests itself. It is quite reasonable to assume that the 
distance apart and relative positions of the carbon atoms in 
the molecule are not the same in the different series of 
compounds, so that the strength with which the atoms are 
bound together will also vary. 

The constants for the heats of combustion of the aromatic 
hydrocarbons will therefore show slight deviations from those 
of the remaining hydrocarbons, namely— 

a = (# = 24) = to7'76 Cal. 

B= (ay+u)= 51°78 ,, 

From these constants we can now calculate the heats of 
combustion of the aromatic hydrocarbons. The table below 
contains a comparison of these values with the experimental 
results, calculated at constant volume. 


TABLE 46. 
AROMATIC HYDROCARBONS. 


Aromatic hydrocarbons. 


Heat of combustion at constant volume. 
Hydrocarbon. CaHop | = — 


| | Experimental. ‘Cakenlatedt Difference. 
Benzene. . .. . | C,H, | 797°90Cal.| 798°30Cal.|/—o'40Cal. 
acre ed Ge | mt | 953794 957°24 — 3°30 
esitylene . . . . 2 | 1279°99 . , 
Pseudocumene . | C,H, | 1279'19 \ia75 ‘3 +4 37 
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The differences in the experimental and calculated values 
for the higher members amount only to § per cent. of the heats 
of combustion. 


7. Heats of Formation of the Hydrocarbons. 


The heat of formation of a compound is the difference | 
between the heats of combustion of the constituents and that 
of the compound itself. Thus the heat of formation of a- 
hydrocarbon, C,,//,, will be 


(Ca Fh) = a(C, O:) + (Lh, 0) — fCatlay 


The heat of formation of 1 gram-molecule of water at constant 


we have found above that the heat of combustion of a gram: 
atom of carbon in a gaseous compound amounts to 135°34 Ca 
The heat of formation at constant volume will therefore be 


(C., Ho) = @ X 135'34 Cal. + dX 67°49 Cal. — fC,Hy, (17) 


The magnitude 135°34 Cal. is, as already described, inde- 
pendent of the allotropic state of the carbon. 
We shall call the thermal value calculated by means of (17) _ 
the absolute heat of formation of the compound, and represent — 
it by P. It is easy to calculate this value by adding on — 
a X 38°38 Cal. to the heats of formation given in column 7 of 
Tables 35 to 44; for the values there given are derived from 
the heat of combustion of amorphous carbon (96°96 Cal.), and. 
this is 38°38 Cal. lower than the absolute heat of combustion 
of 1 gram-atom of carbon in a gaseous compound, 
4 


} 
i 


It is evident from what has been stated above that the 
absolute heat of formation of a compound is equal to the sum of 
the thermal values corresponding to the collective linkages between 
the atoms of the molecule. ‘The following table contains the 
heats of formation of the hydrocarbons, the total number of 
linkages in the molecule, and the measure of the heat of 
formation due to each individual bond in the molecule; 
7 and wv represent the values of the bonds between a carbon 
atom and either an atom (half-molecule) of hydrogen or another 


carbon atom, 
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Molecule. Heat of formation. Nunber of bonds. Pend 

CET, 59°55 Cal. 4r 4 X 14°89 Cal. 
GAs 104°16 67+ vy 7X 14°88 
(Ula 148'51 8r + 22, 10 X 14°85 
CH, | = 193°65 | lor+ 3% 13 X 14°90 
C.Hia. 236°85 I2r+ 42 16 X 14°80 
Sum. . | van re Gal. 40r + 102, 50 X 14°85 Cal. 
C,H, 73°47 Cal. 4r+ 2%, 5 X 14°69 Cal. 
(CAaiA 117°20 6r+ wut y 8 X 14°65 
(OAR 162°44 Sr++ U_,+ 22 BOA 

Cy Hig 208°55 lor+ w+ 3% 14 X 14°90 
CsA 218°70 1loy + 202 + 32 I5 X 14°58 
Sum. . 780°36 Cal. 38r + 6, + 97, 53 X 14°74 Cal. 
Coli; 28°99 Cal. 2r-+ 4; 2 14740) Cal: 
CHa 74°61 Aven cg tate Oy iy <i op. 
(OAs 133°08 67+ 203 + 32; 9 X 14°79 
Sony. 236°68 Cal. 12x + 4v3; + 42, 16 X 14°79 Cal. 


We have already shown that v, is equal to zero, and has 
therefore no influence on the heat of formation of the molecule. 
The very marked agreement in magnitude of the constant Q in 
the three series of hydrocarbons suggests that the heat of for- 
mation follows the simple law, P = 7Q, and is consequently 
proportional to the number of bonds. ‘This is, however, not 
correct, but we may jusily conclude that there is very little 
difference between the magnitudes of 7, v,, and uv; and this, 
indeed, has been proved to be the case above (see p. 391), 
where the values in question were found to be 14°90, 14°71, 
and 13°27 Cal. Hence it also follows that the agreement must 
be greatest in the paraffin series, and that the constant Q must 
have a slightly lower value in the olefine series, into the heats 
of formation of which the somewhat lower value of 13'27 Cal. 
for each of the double bonds enters. That ‘his ostensible 
accordance is only accidental is apparent from the heat of forma- 
tion of benzene, namely 216°6 Cal.; for since the number of 
bonds is 67 + 97, this value should, from the preceding remarks, 


398 ORGANIC SUBSTANCES 


be equal to 15Q; but Q would then be only 14°44 Cal., instead 
of about 14°80 Cal.as found above. This lack of agreement must 
necessarily be due to the bonds, v, in the benzene molecule 
having a lower value than those of the paraffins, namely 14°09 
as against 14°71 Cal. (see p. 395). 

A chance agreement similar to the above might prove very 
misleading in an investigation of the dependence of thermal 
effect upon the configuration of the molecule, as we might 
be tempted to draw quite unwarranted conclusions therefrom. 
The preceding example should therefore serve as a warning 
against premature generalization. 

The heat of formation of a compound must, from what has 
been said above, be expressed as a function of certain 
constants. In the case of the hydrocarbons we have found 
that the thermal value on formation of a hydrocarbon, C,H, 
from hydrogen and atomic carbon is 


(CC, ig) = 20.6 +30 «3 (TB) 


where 27 represents the amount of heat liberated when the two 
atoms of a hydrogen molecule combine with a carbon atom in 
a gaseous compound, and vz is the thermal effect correspond- 
ing to the linkage between the carbon atoms. The magnitude 
of these constants in the case of the aliphatic hydrocarbons is 
as follows :— 


ay = 29°80 Cal. 3, = 14471 Cal. v,= 13°27 Cal. 3 =O 

whilst the nine bonds between the carbon atoms in the phenyl 
radical amount only to 

gu = 9 X 14°09 Cal. 

In the table below the calculated values for the absolut 


heats of formation of the hydrocarbons are compared with th 
experimental results. 
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TABLE, Az. 


ABSOLUTE HEATS OF FORMATION OF THE HYDROCARBONS. 


Heat of formation, P, at constant volume. 
Hydrocarbon. Number of bonds. : 

Experimental. Calculated. Difference. 
CH, | 4% 59°55 Cal. 59°60 Cal.) —o'05 Cal. 
C,H, | O6r+ 4%, FOASTONe TOIT ,, +005 ,, 
CF. 8r + 22, Tasted; 148°62 ,, —O'Il ,, 
C,Ay, lor + 3/1 193°05 +B) | 193713 2» | +0°52 odd 
C,H). 127 + 42 230°88 ” | 237°64 ” —0'76 ” 
C,H, 4r+ v%, 73°47 55 72°37 + | +0°60 ;, 
Carte 6r + w+7, TE 7220) 55 ren otey Se —o'ls ,, 
Cable 8r + v.+ 27, 162°44 ;, 161°89 ,, +0°55 ,, 
(Opa ae lor-+ v2 + 32, 208°55 55 ZOO‘AR 3, | 41-2710" .5 
(OF) OR 1or + 22 + 37, ZIS7Q) 5, ZIOIO} 5; —0o'97 ,, 
C,H, ar+ vu; 28°99 5, 2580 39 | —O'BE 45 
C;H, | 4r + v3 + V7 74°61 ” 74°31 99 +0°30 ” 
C,H, 6r + 203 + 3% 133°08 ” 133°53 ” —0'45 ”? 
(Gas 67 + ou 2160°61 ;, 21621 ,, +o'40 ,, 
CoH, 8r+ ou + vy, 263°40 ,, 200172 5, +2°68 ,, 


The agreement is therefore, on the whole, very satisfactory. 


8. Alcohols. 


Twelve alcohols in all were investigated, and their absolute 
heats of formation, P, are given in the table below. The 
values were calculated in the usual manner, namely, by adding 
38°38 Cal. to the numbers contained in the seventh column of 
Table 38 for each gram-atom of carbon. A comparison of 
these figures with the heats of formation of the corresponding 
hydrocarbons shows that in the case of the primary monohydric 
alcohols there is an almost constant difference ; for the first 
three alcohols this difference equals 29°77 Cal., whilst the 
mean value for all seven alcohols is 28°92 Cal. It is thus 
evident that the constants entering into the heats of formation 
of the alcohols have approximately the same values as those in 
the case of the hydrocarbons; therefore here also we can put 


m= t490 Cal vy,=i14°71 Cal. a= 13°27 Cal. 2,50. 
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The alcohol molecule contains a hydroxyl group, OH, united 
to a carbon atom, and has the general formula 


Cg 4208. 


The thermal effect, s, which corresponds to the formation of 
the group COH, can therefore be determined by subtracting 
from the heat of formation, P, of the alcohol, the thermal value _ 
corresponding to the remaining linkages in the molecule ; that 
is to say, by putting 

P—(2b-1p~—-Sv=s . .. (19) 


TABLE 48. 


HEATS OF FORMATION OF THE ALCOHOLS. 


| Heat of for- 


Alcohol. CaHop— 10H | mation, P, at | (25 _ pr + 30 s 
volume. 
SS ss ee See 
Cal. | Cal. Cal. 

Methyl alcohol . | CH;.OH 88°96 44°70 44°26 
Ethyl - . } Ga. Old 133°78 89°21 44°57 
Propyl a ~ Gable morn 178°80 rse"y2 45°08 
Isobutyl ,, Gp Olle! 222'06 178°23 43°83 
Isoamyl ,, 5 MGg tds el 263°60 222°74. 40°86 
Allyl as 5 GA Oael 144°89 102°48 42°41 
Phenol, « ». » | ©, B,.O 246°91 201° 31 45°60 
Isopropyl alcohol. | C;H,.OH 184°1I 133°72 50°39 
Dimethylethyl \ ; , ‘ —s 

RTI iis CH, .O08 >} aypgtas 222°84 50°38 
Propargylalcohol. | C;H;.OH | 110°77 50°41 51°36 
Ethylene glycol . | C,H,.(OH), | 175°91 74°31 | 2X 50°80 


Trimethyl carbinol | C,H,.OH | 239°21 178'23 60°98 


! 


The value of s given in the preceding table is of approxi- 
mately equal magnitude for the first seven alcohols, the average 
value being 43°80 Cal.; but for two of these, namely, ally 
alcohol and isoamyl alcohol, the deviation from the mean value 
is rather great. If, however, we omit these two alcohols, the 
mean value for the remaining five will be 44°67 Cal., and this” 
will be the thermal effect corresponding to the formation of the 
COH group of the primary alcohols. 
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On the other hand, the thermal effect corresponding to the 
COH group has a higher value for the following five alcohols. 
From this it is evident that the heat of formation of the primary 
alcohols is less than that of their secondary or tertiary isomers, 
as shown in the table below. 


Heats of formation. Difference. 


Propylalcohol . . . 178°80 same i 
C,H, .O [sopropyl alcohol . . 184'1I ,, aaa 
ele aleohol . . ./ 222'06 .,, ae 
C,H. OH Trmethyl carbinol < . 239°21 ,, PY » 
Isoamyl alcohol . . . 263'60 ,, : 
C;Hn .OH ores carbinol . 273°22 ,, ae 


The value on formation of the COH group in the secondary 
and tertiary alcohols is 50°37 and 60'98 Cal. respectively. 

Propargyl alcohol and ethylene glycol resemble the first 
series of alcohols, the heat of formation of each COH group in 
ethylene glycol being 50°80 Cal. ; trimethyl carbinol has the 
highest value, namely 60°98 Cal. Possibly the more or less 
central position of the COH group in the molecule has some 
influence in this respect; thus for propyl and _ isopropyl 
alcohol, and trimethyl carbonyl, the grouping is 


(G 
c. Con C.G.e€ €..C.G; 
OH OH 


and the thermal values corresponding to these are 
45°08 50°39 60°98 Cal. 


It is noteworthy that the primary propargyl alcohol more 
closely resembles the secondary alcohols, whilst phenol, with 
respect to its COH group, is in complete agreement with the 
primary alcohols, Furthermore, it is to be noted that the 
differences in the heats of formation of propyl, allyl, and pro- 
pargyl alcohol are equal to each other, namely— 


Difference. 
Propylalcohol . . . C;H;.OH 178°80 Cal. | 
Allylalcohol . . . . C3H;.OH 144°89 33°91 Cal. 
Propargyl alcohol. . . C,H,.OH 11077 ,, 3412 » 


eb Gs 2D 
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In each of these cases there is a difference of two atoms of 
hydrogen in the molecule, but the bonds between the carbon 
atoms are not the same. At present there is no satisfactory 
explanation of these facts. 


9. Aldehydes, Ketones, Acids, and Acid Anhydrides. 


Tables 39 and 40 contain the heats of combustion of these 
substances at constant pressure, and in the seventh column are 
given the heats of formation at constant volume, starting from 
amorphous carbon. From the last value we can, in the usual 
manner, find the absolute heat of formation, ?, of the com- 
pound by the addition of @ x 38°38 Cal., where a is the number 
of carbon atoms in the molecule. These numbers will be 
found below in Table 49, where, in the last column, are also give 
the calculated values that the heats of formation of the groups 
COH, CO, COOH, and (CO),O exercise on the heats of 
formation of the compounds. ‘The constants “and 7, are of 
the same magnitude as in the case of the hydrocarbons and 
alcohols, namely, 7 = 14'90 Cal. and 7, = 14°71 Cal. 


TABLE 49. 


ALDEHYDES, KETONES, ACIDS, AND ACID ANHYDRIDES. 


Bonds 


Molecular formula. 
Substance. olec son 4 ane 


P — (mr + v1) 


constant 
volume. 


Cal. 
Acetic aldehyde. | CH,. COH 124°63 | 3r-+ v,| ‘COH 
ionic alde- 
a alde \ (CoH... COM 168°93 | 57 +20)! 
Tsobutyric alde- ” me 
4 en alde } C8, COR 212°83 | 77+ 37, 


Dimethyl ketone |CH,.CO.CH, | 172°40 | 67+ 22, 
Methylpropyl } CH,.CO.C,H,| 261°30 


ketone 
Formic acid . .|/H.COOH 133°73 7 
Acetic acid . ./CH,. COO 180°89 | 37+ 2», 


Propionic acid . |C,H,. COOH 222°85 | 57+ 2v, 


Acetic anhydride} H,0),0 284'34| 6r+20,) OCO= 
} {€E. | 
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(a) Aldehydes and primary alcohols —A comparison of the 
heats of formation of the three aldehydes investigated with 
those of the corresponding alcohols shows that the aldehydes 
have a lower value than the alcohols. ‘The values for P are 
as follows :— 


Radical. Alcohol. Aldehyde. Difference. 
minyl 3 . 5 s 133°78 Cal. 124°63 Cal. ors, Cal, 
BrOpyls 1 « « 178°80 ,, 168°93 ,, o's? ., 
Wsobutyl . . . 222'06 ;, BUNS? <5, (Omg) 


The mean difference is 9°40 Cal.; the greatest deviation 
from this being only o’g per cent. of the heat of combustion of 
the substance, which proves that we were justified in making 
use of the values previously found for the constants v, and 7. 

The general formula for these aldehydes is C,H, , ,-COH. 
If now we represent by ¢’ the influence exerted by the COH 
group upon the heat of formation, ?, it follows that— 


P=ant+(2a+1)r+g,. . . (20) 
and we then find for g’ the values given in the fifth column of 


the table, which is that part of the heat of formation of the 
_ aldehyde due to the COH group, namely— 


Aceticaldehyde . . . COH = 65°22 Cal. 
Propionic aldehyde . . = 65"0r ,, 7 6a°sS Cal: 
Isobutyric aldehyde . . = 64°40 ,, 


Thus the thermal effect corresponding to the COH group 
is considerably greater than that which was calculated above 
for the COH group of the corresponding alcohols, namely 
44°67 Cal., whence it follows that the constitution must be very 
different in the two cases (see below). 

(2) The ketones and secondary alcohols stand in the same 
relation to each other as the aldehydes and primary alcohols ; 
thus methylpropyl ketone corresponds to methylpropyl car- 
binol. I have not investigated this last alcohol, but have 
found that the isomeric dimethylethyl carbinol, which is a 
tertiary alcohol, is in complete agreement with isopropyl 
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alcohol with respect to its heat of formation. A comparison 
of the heats of formation of these substances gives the 
following results :— 


Compound. Heat of formation. Difference. 
Isopropyl alcohol. . . . war Call 
Dimethyl ketone... ... < « -Eype4s.,, j eye Cal. 
Dimethylethyl carbinol . . 273'22 ,, 
Methylpropyl ketone . . 261°30 ,, alah ll 


Thus the heat of formation of the ketones is also less than 
that of the corresponding secondary alcohols ; the difference, 
namely 11°82 Cal., is somewhat greater than that between the 
aldehydes and the primary alcohols, which amounts only to — 
940 Cal. . 

The ketones contain the C:O group, and the heat of 
formation of a ketone C,H,,4..CO must therefore be 


P=ay,+(2a+2)r+s5, . . . (22) 


where s represents the influence of the CO group upon the 
heat of formation. We thus find that for 


Dimethyl ketone. «..< .°. £2 CO = getg8 Cal. 
Methylpropyl ketone . . . = 53°46 ,, 


the mean value, 53°52 Cal., therefore corresponds to the 
thermal effect due to the bonds of the oxygen gram-atom 
in the ketone. 
Whilst there is no difference in the heats of formation of 
the various isomers in a series of hydrocarbons, owing to the 
fact that the four valencies of the carbon are identical, such a | 
difference is, however, observed in substances belonging to 
the series under consideration, in which the zsomerism is due 
to the different position occupied by the oxygen atom in the 
molecule. Thus in the three compounds of the formula — 
C,H,O0 we have the following difference in the heats of 
formation :— 
Dimethyl ketone. . . . . ty2%4o Cal. 
Propionic.aldehyde.. . ... 268°93 ,, 
Allylulicohol. ..... + « 14439 4 
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(¢) Acids.—The first three members in the fatty acid series, 
namely, formic, acetic, and propionic acids, which formed the 
subject of my research, have greater heats of formation, P, 
than have the corresponding alcohols. The following values 
were found for P :— 


Formic acid . . « . a : 
Meals techoh.) 4. gene. | err OH 
Aesieaad <A. 4 Be°%sq 4, | 
Ethylalcohol. . . . 133°78 ,, [ see 
Propionic acid . . . 222°85 ,, } 

Propyl alcohol . . . r788o ,, paren x 


The mean value of 45°31 Cal. gives the difference between 
the heat of formation of a fatty acid and that of the corre- 
sponding alcohol. 

The influence which the characteristic COOH group 
exercises upon the heat of formation of the acids can be 
deduced in the usual manner. When the formula of the acid 
is C,H,,,,. COOH, and when ¢ represents the influence of the 
COOH group, we have 


P=(2a+1)rta.mHn+t. . . (22) 
The values of ¢ are found in Table 48, and are as follows :— 
Pommecacdd . . . « COOH = 118°33 Cal. 
Meee acid . . . . = [20 Ao 4, 


Propionic acid . 118°93_ ,, 


Thus the average thermal value of the COOH group is 119°75 
Cal. Now, we have found above that the CO group in the 
ketones corresponds to 53°52 Cal., and the COH group in the 
aldehydes to 64°88 Cal. ; we therefore have 


53°52 Cal. + 64°88 Cal. = 11840 Cal., 


‘which exactly agrees with the value found for the COOH 
group in formic and propionic acids, namely 118°88 Cal. We 
may therefore conclude that the ¢hermal effect corresponding to 
the COOH group in acids 1s equal to the sum of the effect due to 
the COH group in the aldehyde and to the carbonyl, CO, group 
of the ketones. 


II 
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Now, since the carboxyl group has the formula O : COH, 


and the carbonyl of the ketone has that of O: C=, the alde- 
hydic COH group must have the formula R.COH; that is 


to say, the aldehydes are unsaturated compounds. 

(d) Acetic anhydride.—The rational formula of this com 

pound is H;C.CO.O.CO.CH,; so that besides the six hydro- 

gen atoms united to the carbon atoms the molecule contain 
the group 

0:C-—-O-C:0. 

| 

If we represent the thermal value corresponding to the 

heat of formation of this group by z, the heat of formation 

must be 


P = 6r + 2u, + z = 284°34 Cal. 


Hence it follows that the heat of formation of the group i 
question is 
z= 165'52 Cal. 
Now, this group contains three atoms of oxygen, which ar 
joined to the carbon atoms by two bonds, and it has bee 
shown above that such a double linkage for the oxygen gram 
atom in the ketones and in the acids represents respectivel 
53°52 and 54°83 Cal., whilst the value of zis 3 X 55°17 Cal 
We may therefore conclude that the C:O and the C.O.C. 
groups in acetic anhydride correspond to equal thermal effects. 
(e) Ketones and paraffins —A comparison between the heat 
of formation of the ketones and of the paraffins shows th 
following interesting relation :— 


P Difference. 
Dimethyl ketone . CH,;.CO.CHy; 
Dimethyl .. . CH,.CH, 
Methylpropyl ketone CH,.CO.C,H, 
Methylpropyl . . CH;.C;H, 


The mean value, 67°94 Cal., exactly corresponds to th 
heat of formation of carbon monoxide at constant volum 
namely 67°67 Cal. Hence it follows that when a paraffi 
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takes up carbon monoxide, and thereby forms a ketone, the 
thermal effect is equal to zero, or very nearly so. ‘The bond 
between the two alkyl radicals of the paraffin is broken and 
replaced by a bond with the carbon atom of the carbon 
monoxide ; whence it follows that the two radicals are bound 
to the carbon monoxide molecule with the same strength with 
which they were bound together in the paraffin. 


10. Esters. 


A comparison of the heats of combustion of the esters and 
of the corresponding hydrocarbons shows that these run on 
parallel lines ; whence it follows that the constants which enter 
into the heats of combustion and of formation of the hydro- 
carbons also enter into those of the esters. This fact makes it 
possible to calculate the influence of the grouping characteristic 
of the esters, and the following table provides us with the 
necessary data. /, as usual, represents the absolute heat of 
formation of the compound, calculated from the numbers in 
column 7 of Table 41 by the addition of 38°38 Cal. for each 
gram-atom of carbon that the compound contains. 


TABLE 50. 


HEATS OF FORMATION OF THE ESTERS. 


Heat of 
Naine. Molecular formula. a mr+nv | P—(ur+nv) 
Cal. Cal. 
Dimethyl carbonate | (CH;),. CO; S50 50! Or 162°10 
Diethyl carbonate . | (C,H;),. CO, 341°21 | 107+ 2v,| 162°79 
Methyl formate. .|CH,;.O0.COH 165'03 4r 105°43 
Methyl acetate . .|CH,.0.C,H,O| 21012 6r+ 7% 106‘OI 
Ethyl formate . .|C,H,;.O.COH | 209°30 | 67+ a] 1o05‘19 
Propyl formate . Cabins O GOEL | 2539766 8% + 2v7,} 105°06 
Methyl isobutyrate. | CH,.O.C,H,O | 298°66 | 10r + 37, 105°53 
Ethyl acetate Crp Ovcokt.©) 205-00 87 + 22, 117°29 
Methyl propionate. | CH;.O.C,;H;O| 258°53 87+ 27,| 09°91 
Tsobutyl formate C,H,.O0.COH | 295°70 |-10r + 37, 103°57 
Allyl formate Geb?) COM | 216750 | or zy, 99°42 
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The constants are, as before, x = 14'go Cal. and v= 14°71 
Cal. 
(a) Esters of carbonic acid.—The two esters investigated 
were dimethyl carbonate and diethyl carbonate. ‘The heats of 
formation of these are 251°50 and 341°21 Cal., and they have 
the following constitutional formulz :— 


HC .0;C207CH, sad 2, -0 0-0. Ca. 
@) O 

If we subtract from the heat of formation the thermal effect 
which corresponds to the bonds between the hydrogen and 
carbon atoms—that is, 6x and 1or + 2v,—we obtain the thermal 
value corresponding to the formation of the grouping 


CAO 4 
O 


and according to the preceding table this amounts to 162°10 
and 162°79 Cal. The group contains three oxygen atoms, 
each of which is united by two bonds to one or two carbon 
atoms. 

We therefore have the same condition as that investigated 
above in the case of the ketones, the acids, and of acetic 
anhydride, where we found that the thermal effect due to each 
gram-atom of oxygen amounted to 


Ketones. 9. sw » «a 2S He Cal 
AGMIS 4 wi ae? =) ke Gl Bee 
Acid anhydrides ,.<« . « s S827. 3 


But the heat of formation of the group in question is 
162°44 Cal. = 3 X 54°15 Cal, 


which is in complete agreement with the values found above 
for the bonds of the oxygen atom, so that the heat of formatio 
of the carbonic esters affords additional evidence in favour of 
the assumption that the formation of the C:O and C—O—C 
groups is attended by an equal thermal effect, the average 
value of which may be placed at 54°16 Cal. 
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(6) Esters of the fatty acids—The molecule of the esters 
derived from a paraffin and a fatty acid contains the group 


BES Sy 2S gas 
| 
O 


and the influence of this grouping upon the heat of formation of 
the molecule can be found in the usual manner, by subtracting 
from the last-mentioned value the thermal effect due to the 
bonds between the hydrogen and carbon atoms, as well as 
those due to the bonds between the carbon atoms themselves. 
We thus obtain an approximately constant value of from 
105'06 to ro6‘or Cal., of which the mean is 10544 Cal. 

The two oxygen atoms in the grouping under consideration 
are both bound by two valencies to either one or two carbon 
atoms, so that, from what has been said above, the thermal 
effect corresponding to each oxygen gram-atom should be 
the same—that is, equal to 52°72 Cal. ‘This also agrees with the 
values derived above for a similar grouping in the case of the 
ketones, the acid anhydrides, and the carbonic esters, namely, 
an average value of 54°16 Cal. 

But, on the other hand, there are considerable deviations 
in the last four esters contained in the table. The greatest of 
these is the case of ethyl acetate, namely, about 12 Cal., or over 
2 per cent. of the heat of combustion—a difference which lies 
far outside the limits of experimental error. I have expended 
considerable time and labour in the endeavour to explain 
these deviations. 

To satisfy myself that I was working with pure material, I 
subjected a large quantity of the “purest” commercial ethyl 
acetate to a systematic fractionation, when the greater part of 
the distillate had a boiling-point of 769° (corrected) ; whilst 
former specimens had ranged over from 72°8° to 80°. The 
first of these boiling-points, namely 72°8°, is stated by Geuther 
(Arch. d. Pharm., 166, 100) to correspond to a product obtained 
by the distillation of “pure” ethyl acetate from metallic 
sodium ; but it was my experience that the product so formed 
was not pure, but contained always some diethyl ether. This 
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could, however, be removed by systematic fractionation, when 
the boiling-point rose to about 77°. 

I then prepared ethyl acetate synthetically by the interaction 
of equivalent amounts of absolute alcohol and glacial acetic acid, 
without distillation, the ester formed being subsequently pre- 
cipitated by addition of water. After being washed and 
dried, the product had a constant boiling-point of 77°5° (cor- 
rected) at 762°5 mm. pressure. Finally, I prepared ethyl acetate 
by the decomposition of ethyl todide by means of silver acetate. 
The product thus obtained, after a single distillation, had a con- 
stant boiling-point of 77°4° (corrected) at 754°8 mm. pressure. 

There can therefore be no doubt but that the dozling-poin 
of ethyl acetate lies between 77°4 and 77°5°. The vapour of the 
two synthetically prepared compounds has a heat of com- 
bustion of 546°57 + 0°58 Cal. at 18°, whilst a// the products 
with lower boiling-points have higher heats of combustion ; that of 
the product with a boiling-point of 74° was some 20 Cal. higher. 

This compound, with a boiling-point of from 77°4° to 77°5°, 
which must undoubtedly be a definite chemical compound, has 
a heat of combustion which is 12°23 Cal. lower than that o 
propyl formate, which is isomeric with ethyl acetate. Now, 
since the heat of formation is thus 12°23 Cal. greater than 
the calculated value, the constitution of ethyl acetate must be 
different from that of the other five esters investigated, and o 
which the heats of formation are perfectly regular. I have 
made numerous experiments with a view to gaining some 
information as to the possible constitution of ethyl acetate; 
these are described in Zherm. Unters., iv. p. 310. 


11. Halogen Compounds. 


The absolute heats of formation of the halogen compounds 
are found in the same manner as those of the hydrocarbons, 
by the addition of @ X 38°38 Cal. to the numbers in th 
seventh column of Table 36; the values so found are giver 
in the following table under the heading P. Since the heats o 
formation of these compounds do not run parallel to thos 
of the hydrocarbons, the values of the constants 7 and v, whic 
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enter into the calculation must also differ somewhat from those 
previously found ; and that this is the case will now be shown. 

(2) Chlorides.—If P, represents the heat of formation of 
the first member of a series of homologous compounds, then 

the following terms will be 
P,= P+ (a—-1)(2r+%), 

where the difference in composition is CH,; 7 represents, as 
before, the thermal effect due to the bond between one half- 
molecule of hydrogen and an atom of carbon. 

For the first four chlorides the calculation gives the follow- 
ing probable values for the constants P, and v, + 27 :— 

PP, = & + a7 = 60°57 Cal, 
% + 2r= 45°35 

where & represents the thermal effect due to the bond between 
an atom of chlorine (half-molecule) and one of carbon. We 
thus have 


Heat of formation, P, at constant volume. 
Molecule. wee Difference. 
Experimental, Calculated. 
CrCl Goras Call 60°57 Cal. +5:'22 
CoE Gl TO6'3T. 5; TO5,02) 4, —0°39 
Cyn Cl Wistert: Ae V7 ee +o 11 
@,i4,61 EGO ss 196'62 ,, +0°05 


In order to determine the magnitude of the three constants 
&, ry, and v,, we can make use of the heats of formation of the 
three compounds, CH,;Cl, CHCls, and CCl,, namely— 


for CH,C] 60°35 Cal.= £-- 37 
CHC, Groot , =34 + 7 
CCl, 58°33 a 4k 


Total 181'0g Cal. = 8k + 4r 


Comparing this result with that found above—that is 
Rk + 3r = 60°57 Cal. = 4 X 15°14 Cal. 
%+ 27 = 45°35 » =3X 1512 5, 
2+ r= 45'27 5 =3X 15°09 ,, 
it is evident that there is no appreciable difference between 
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the values of the three constants, so that we shall not introduce 
any sensible error by taking them as equal; we then have 
k=r=v, = 15°13 Cal. 

I must, however, remind the reader of what was said on p. 397, 
where, as I pointed out in a similar relationship in the case 
of the hydrocarbons, the apparent equality must not be taken 
as absolute, but merely as indicating that there is no great 
difference in magnitude between these constants. In the 
present instance there are not sufficient data to determine with 
certainty any possible differences in the values of the constants. 
In the calculation of & in Table 51, 7, as before, was taken as 
equal to 13°27 Cal., and the nine bonds of the pheny] radical, 
or 9#, according to the determination on p. 395, as 126°81 Cal. 
The value of £—that is to say, the thermal effect due to the 
linkage between an atom (half-molecule) of chlorine and an 
atom of carbon—appears as the difference between the value 
of P and of that made up of the sum of the bonds between the 
carbon atoms themselves and of those between the carbon and 
hydrogen atoms. 


<= get gh © = 


TABLE 651. 
HEATS OF FORMATION OF THE CHLORIDES. 
- ee eis ae | 
Molecule. Heat of jeacaae © ite | k 
formation. . 
Cal. ] Cal. 

CH,Gl 60°35 37 k = 14°96 
C.H;Cl 106°31 r+ yy 15°53 
(Mattel 15116 Tr + 20, 14°99 
(FiBL 196°57 or + 32, 15°01 
C,H,Cl 217°90 57 + ov 15°44 
C,H,Cl 7430 | 37+ 15°64 
C,H,;Cl (propylene) 122°39 srt vet7y 18°34 
C,H,Cl (allyl) 121°08 Ort wty 17°03 
CH,Cl, CHCl 109°88 4r+ uy 2k = 34°23 
GHien CHCl. 109'83 4r+ vu, 34°18 
GHe CCl. Gi, 155°48 6r + 27, 34°44 
GEC. 61g r 3k = 46°78 
Leyal tells 109°58 : 49°06 
CGE 58°83 

C.Cl, | 75°03 
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It is evident from the last column in the table that in the 
first four alkyl chlorides the gram-atom of chlorine is bound 
with a strength which corresponds to 15°12 Cal., and this is 
the exact value which was ascribed to 7 and 7; that is to say, 
that due to the bonds between the hydrogen and carbon 
atoms and between the carbon atoms themselves. This same 
magnitude applies also to the linkages of the chlorine atoms 
in the last two chlorides in the table, namely CC], and C,Cl,, 
which contain four atoms of carbon in the molecule, since the 
mean value is 4 X 15'08 Cal. In the case of the other com- 
pounds the introduction of chlorine into the molecule produces 
a somewhat greater thermal effect; the highest value being 
found for the three saturated chlorides with two atoms of 
chlorine in the molecule, namely 2 X 17°14 Cal. The expla- 
nation of this deviation is not easy to see, but it is evident 
that the chlorides C,H,Cl, and C,H;Cl,; have equal heats of 
formation, namely 109°85 and 109'58 Cal. respectively, so 
that 


2k + 4r +4, = 3k + 37 +7, = 109°72 Cal, 


and it is therefore practically certain that also in the chlorides 
with two and three atoms of chlorine the value of the bonds 
is the same—that is, 15°68 Cal.—for each one of them ; whilst 
for the chlorides with one, and probably also for those with 
four, atoms of chlorine in the molecule, the value is about 
o°5 Cal. lower. 

It should also be noted that the isomeric chlorides, mono- 
chlorpropylene and allyl chloride, and similarly ethylene 
chloride and ethylidene chloride, have equal heats of forma- 
tion, so that the position of the chlorine atom in the molecule 
does not influence its heat of formation. 

(6) Bromides and iodides—The following table contains 
the heats of formation at constant volume of the bromides 
and iodides compared with those’ of the chlorides. The heats 
of formation are calculated for both bromine and todine in the 
State of vapour at 18°, so that the values are directly comparable 
with those determined for chlorine. 
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TABLE 52. 


HEATS OF FORMATION OF THE BROMIDES AND IODIDES. 


Heat of formation, P, at constant volume. 


Radical. a 

Chloride. Bromide. Difference. 

Methyl. . . 60°35 Cal. 52°59 Cal. 7°46 Cal. 

Lp T06°31 ,, 98°60 ,, PE. 

Props) <a: TERT ow 144°25 5, 691 ,, 

Aliyy sks 121'08 ,, 113°04 ,, 7°44 3 

Todide. 
Methyl at eae 60°35 ” 41°22 ,, 19°T3 ;, 
Ediyh 5x 106°31 ,, 86°69 ,, 19°62 ,, 


Thus the heats of formation of the bromides are 7°45 Cal., 
and those of the iodides 19°38 Cal., lower than the heats of 
formation of the chlorides; and this difference may ver 
possibly be connected with the unequal strength with whic 
the three halogens are bound to the carbon atom. Now, since 
we found above that the linking of the chlorine gram-atom 
to a carbon gram-atom corresponded to a thermal effect of 
15°13 Cal., therefore the values of the bonds for the three 
halogens must be 


Carbon and chlorine. . . . 15*1r3 Cal. 
eS oy bromine gas . . 7°68 ,, 
m 5, iodine vapour . —4'25 ,, 


These numbers, which also in a measure correspond to the 
degree of affinity between carbon and the three halogens, ca 
to mind the heats of formation of the hydrides of these sub: 
stances, which at 18° amount to (see p. 191) 


(4, CZ) = 22°00 Cal. 
(Hi, Bros) = 12°26 ,,. 
(ZZ, gu) i —0°67 ” 


The affinity of carbon is, however, somewhat lower than that of 
hydrogen for the same halogen. 
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12. Ethers and Acetals. 


The molecules of the oxides of alcohol radicals and of mixed 
ethers are supposed to be composed of two alcohol radicals 
united by an atom of oxygen, and to correspond to the formula 
C,H,.O.C,Hg. The heat of formation of the molecule will 
therefore be 

P=(6+ B)r+¢+ 2z, 
where g represents the thermal effect which accompanies the 
linking of the two radicals to oxygen. 

The absolute heats of formation, as well as those obtained 
by the addition of (a + a)38°38 Cal. to the experimental re- 
sults given in the seventh column of Table 37, will be found 
below in Table 53. If now we compare some of these numbers 
with the heats of formation of the corresponding chlorides 
(Table 51), we arrive at a very remarkable result. ‘Thus we 
have 


| | 
Compound. Molecule. Heat of ao | Difference. 

a pce te pein 

Dimethyl ether . . Che Ger 124'95 Cal. | : 

Methyl chloride . .| CH,.Cl =| 60°35 ,, k 64 mee, 
_Ethylmethyl ether. Cons OCEE, D7T-5O) 55 l gee 

Ethyl chloride. . .| C,H,.Cl 106°31 ,, |§ 79 

Allylmethyl ether. . GH, OCH, TS5eR? xs Le Ga* 

Allyl chloride . ie ee 9 Pe 12108 ,, ye 9s 

Phenylmethyl ether . Cetin OCH. 282°49 ,, t Gx" 

Phenyl] chloride @y us). CL EAT OO) 5 4°59 9» 


There is therefore a constant difference between the heats 
of formation of these analogous compounds, and from this we 
'may conclude that it is possible to calculate the heats of forma- 
tion of the ethers by means of the same constants made use of 
in the case of the chlorides ; that is to say— 


f= o, = 7503 Cal. U4 = 13°27 Cal. aa GS 
_ and for the nine bonds of the pheny! radical we have, as before, 


126°81 Cal. If now we subtract from the absolute heat of 
formation, P, in Table 53, the value of the collective linkages 
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between the carbon atoms, and between these latter and the 
hydrogen atoms, we obtain the thermal effect corresponding 
to the formation of the C.O.C group, which is given in the 
fourth column of the table. These values agree very satis- 
factorily, with the single exception of that of diethyl ether, and, 
omitting this last number, we obtain a mean value of 34°31 Cal. 
for the remaining seven ethers. The total heat of formation of 
the ether C oe .O.C,Hg. is thus 


= (6+ B).15°13 Cal. + Sv + 34°31 Cal. 


TABLE 53. 


ETHERS AND ACETALS. 


Molecul H f fi i 
ATEnise H,.0.Calig | seconstant wlame, | SOF 

Dimethyl th | Sua 

imethylene ether - ‘ be 

rice oars t CH,.O.CH, |  93°98Cal. | 33:46Cal. 
Dimethylether . .| CH,.0O.CH, 124'95 ,, 5 a he fe 
Methylethyl ether. .| CH,;.0O.C,H, TES. 34°59 » 
Diethyl ether . . C.H,-O.C,H, | 220°95 ,, Be Gere 
Methylpropargylether CH... O;'C.bl, “| aqarEo |. 35°25° 
Methylallyl ether. .| CH,;.0.C,H, rscrc7 SORTS 
Diallylether . . | C,H,;.O.C,H; 2A T2 45 32°03 
Ce atin CH;.0.CH, | 28249, | 34°64 » 
Methylal. . . iGAsh OF 201°06 ,, S 
Methyl orthoformate | on: ae GX 280°79 ,, cep. 4 


From the numbers given in the table we can draw som 
conclusions as to the constitution of ethylene oxide. 
The molecule of ethylene oxide is usually assumed t 
correspond to the formula 


O | 
“CH, 


that is to say, it is regarded as a saturated compound. Thi 
however, by no means accords with the heat of formation 

93°98 Cal. derived from its heat of combustion, which is abow 
14°70 Cal, lower than the value required to correspond to th 
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preceding formula. If, on the other hand, we represent the 
molecule of the compound by the formula 


7i.C . O . CH, 


that is, as dimethylene ether, this would agree with a heat of 
formation 


P = 4 X 15°13 Cal. + 34°31 Cal. = 94°83 Cal., 


which differs only by 0°85 Cal. from the experimental result. 
Dimethylene oxide has therefore two free valencies, and this is 
in accordance with the ease with which it combines with other 
substances, as, for example, water, whilst the saturated ethers are 
very indifferent substances. The compound thus appears to 
be dimethylene ether. 

Methylal and methyl orthoformate-——These compounds, 
corresponding to the formule C,;H,O, and C,H,,O;, might 
possibly, similarly to dimethyl ether, C,H,O, be regarded as 
derivatives of methane, in which one, two, or three atoms of 
hydrogen are replaced by the O.CHy, group. Buta comparison 
of the heats of formation of these compounds does not support 
this view. ‘The heats of formation of the four compounds are 
as follows :— 


Difference. 
CH, Fores Cal, t 65°40 Cal. 


CH,(OCH,) 12495, ie ; 


CHA(OCH,), wero ,, 
(OCH) LOTS a, 


CH(OCH;); 280°79 


Thus, if we accepted the above-mentioned formule, the 
substitution of the successive OCH; groups for the hydrogen 
atoms would be attended by an appreciable difference in 
thermal effect, and this is in opposition to the supposed 
identity of the four valencies of the carbon atom. 

If, on the other hand, we regard these two compounds as 
hydroxy-derivatives of methylethyl ether and diethyl ether, a 
/ relation between the thérmal values at once becomes apparent, 
since the heats of formation are 

eC 2E 
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Difference. 


Methylal . .. ... ©,8,0, g6x*06Cal) cota 
Methylethyl ether . . C,H,0 rxyr56 , pee 
Methyl orthoformate . C,H,,O; 280°79 ,, | 


Diethyl ether. . .-. CiHyO ages ,, Ratti: ake 


This difference of 29°71 Cal. for each gram-atom of oxyge 
taken up is in exact agreement with the difference between the 
heats of formation of an alcohol and the corresponding paraffin, 
namely 29°77 Cal., and it is therefore probable that the two 
compounds contain one or two oxygen atoms in the form o 
hydroxyl, and thus agree with the formule 


CH,.O.CH.CH, and CH,.CH.O.CH. CH, 
OH OH OH 


13. Thermal Effect due to the Dissociation of Molecules 
into Atoms. 


(a) The carbon molecule—It has been demonstrated by 
numerous examples in the preceding pages that two carbon 
atoms cannot be bound together with a strength greater thar 
that which corresponds to the so-called simgZe bond, but that 
owing to its polyvalence the carbon atom is enabled to com 
bine with other carbon atoms, to each of which it is unite¢ 
with a strength not exceeding that of a single bond betweer 
two atoms. Ina complex carbon molecule, consisting of five 
or more atoms, such as the molecule of solid carbon may bé 
assumed to be, each atom of carbon is able to bind four other” 
atoms with the same strength, so that the total number of bond: 
in the molecule will be double the number of its atoms. It 1 
this strong attraction which has to be overcome before th 
carbon atom can be dissociated from the solid substance and” 
enter into a chemical compound. But in order to convert the 
atoms thus liberated into the gaseous state, a further amount 
of energy must be supplied. 

Experiments have shown that the total energy necessary t 
produce the conditions under which the atoms corresponding tt 


twelve parts by weight of solid amorphous carbon can enter 
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into a gaseous compound amounts to 38°38 Cal., whilst the 
thermal effect corresponding to two single bonds is 29°42 Cal., 
so that 8°96 Cal. are expended in bringing about the gaseous 
condition. 

Now it is highly probable that a similar relation holds in 
the case of other polyvalent atoms ; that is to say, éwo polyva- 
lent atoms of the same element are always bound together with a 
strength not exceeding that which corresponds to a“ single bond,” 
independently of whether we represent the bond as single or 
manifold. 

(4) The nitrogen molecule consists of two atoms, and the 
strength with which these are united can be calculated in 
several ways. ‘Thus, for example, by noting the thermal effect 
on dissociation of the molecule of nitrogen tetroxide, which 
may be assumed to have the following formula :— 

O eee). Clothe O) 
| NaN Sy oan ae a 
O O O—N—-O 
In each case, when the bond between the two nitrogen atoms is 
O 
broken, two molecules of N- | are produced. 
2) . 

The thermal effect due to this dissociation was measured 
by Berthelot and Ogier (Aum. Chim. Phys., (5) xxx. 397), 
over a temperature interval of from 27° to 198°, when they 
found that the heat absorbed amounted to 10°61 Cal. per gram- 
molecule ; but since at 27° some 20 per cent. of the substance 
is already dissociated, the heat of dissociation of the non- 
dissociated gram-molecule, N,O,, will be 13°25 Cal. This value 
was also determined by L. Boltzmann (Wiedermann’s Annalen 
(2) xxii. 71), who found 13°92 Cal.; the mean value can there- 
fore be placed at 13°60 Cal. But since the dissociation of one 
molecule gives rise to two molecules, “he heat of dissociation at 
constant volume is 


13°60 Cal. — 0°58 Cal. = 13°02 Cal. 


As already mentioned, I make use of smad/ letters to represent 
the isolated atoms whenever there is any possibility of confusion, 
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so that the heat of formation of 1 gram-molecule of nitrog 
will be 
2.8 = 33°02 Cal, 


and this corresponds to the heat of dissociation of 1 gram 
molecule of N.O,. 

(c) The affinity of nitrogen for hydrogen.—The thermal effec 
on formation of 1 gram-molecule of NH; I found to be 11°8 
Cal. at constant pressure, or 11°31 Cal. at constant volume. 
If now we add to this 47.2, or 6°51 Cal., we obtain— 


(m, #2,) = 27°32 Cal. ; 


that is to say, when a free nitrogen gram-atom unites wit 
hydrogen to form ammonia, the thermal effect is 17°82 Cal. 
and since we may assume that the thermal value of each ato 
(or of each half-molecule) of hydrogen is the same, we obtain 


(x, H) = 5'94 Cal. and (#, H,) = 11°88 Cal., 
whence it again follows that— 
NH, = 12°3t Cal,, NH, = 5°37 Cal., and NH = —o-57 Ca 


are the heats of formation of the groups of atoms in questio 
when molecular nitrogen is taken as the starting-point. 

(d) The heat of formation of nitrogen tetroxide when measur 
directly by the oxidation of nitric oxide, VO, with free oxygen 
was proved to be 39°14 Cal. for the reaction (2VO, O,), an 
the solution in water of the red vapours of partially dissociate 
nitrogen tetroxide thus formed produced a thermal effect o 
15°51 Cal. The sum of these two observations gives— 


(20, O.Aq) = 54°65 Cal. 


This result is correct, but the magnitude of the tw 
components is influenced by the partial dissociation of nitroge 
tetroxide at the temperature of the experiment, since withou 
dissociation these values would have been 40°50 Cal. an 
14°15 Cal, respectively ; the sum of the numbers will, of cours 
be the same. From these numbers we can deduce the heat 
of formation of N,O, and NO, in the pure state— 
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At constant At constant 

pressure. volume. 
Nitrogen tetroxide . (1, O,) —2°650 Cal. —3°810 Cal. 
Nitric peroxide . . (WV, 0,) —8ze5 ,, —8'415 ,, 


These values have already been given on p. 252. 

(e) Heat of dissociation of the oxygen molecule.—lf we assume 

that the molecule of nitrogen peroxide has the formula— 

au 

N | 

SO 
and that two similar polyvalent atoms are always united with 
the same strength—that is, with a thermal effect corresponding 
to that of the single bond, as we have shown it to be in the 
case of the carbon atom—then we can deduce the heat of 
formation of the oxygen molecule from a comparison of the 
heats of formation of NO and NO.. 

Representing the free atoms by means of small letters, 
we have the following two equations, valid for the reactions at 
constant volume :— 

(WV, O) = —21°575 Cal. =x: 0—-—tn.n—10.0 

(YH, Oj= — S515 , = 22.0—-in.m 
If now, on the preceding assumption, we put 

COS 20.8, 
we then obtain— 
(NW, O,) — (NV, O) = 13°16 Cal. = $0.0; 
that is to say, the feat of formation of a gram-molecule of 
oxygen must be 
Ores 26"s> Cal. 

Comparing this number with that given by Boltzmann in 
the above-mentioned publication for the heat of dissociation of 
the iodine molecule, namely 28°52 Cal. at constant pressure, and 
therefore 27°94 Cal. at constant volume, we obtain the follow- 
ing noteworthy results :— 

6:0 14‘9n Cal; 
Ie a TZost* 4 
G50 =o XESro. 
t,2 = 2X 13°97 5, 
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Hence we must conclude that the thermal values of the 
bonds between the homogeneous atoms of a gaseous molecule 
are multiples of a common constant ; or, in other words, that — 
the heats of dissociation of the molecules of gaseous elements 
are multiples of a constant magnitude, equal to about — 
13°60 Cal. 


14. Nitriles and Cyanides. ~ 


(a) LVitriles.—The two homologues that I investigated were j 
acetonitrile and propionitrile, and it is quite easy to calculate 
the share that the C:N grouping, characteristic of the nitriles, 
takes in the heat of formation. The thermal effect on formation 
of these two nitriles from the atoms of hydrogen, nitrogen, and 
carbon is respectively 60°50 Cal. and 104°31 Cal., and is made 
up of the following terms :— 

H,C.C:N =xr+29,+c:N = 6o'so Cal = 4 
H,C,.C :N = 57+ 2%,+c:N=10431 , =B 
We thus have 
2A —~B=r+c:iN = 16'69 Cal. 

If now we put s—that is to say, the thermal value of the 
bond uniting a half gram-molecule of hydrogen to carbon—at 
14°90 Cal., as in the case of the hydrocarbons, we obtain— 

c:N=1'79Cal.=cin—in.n; 
and this value, 1°79 Cal., is valid for molecular nitrogen. No 
since, as we have found above, the formation of the gram. 
molecule of nitrogen from its atoms is attended by a therma 
effect, 2.2 = 13°02 Cal., the thermal effect of formation of th 
ci group will be 
1°79 Cal. + 6*sgr Cal, = 8°30 Cal. = ¢ia, 

which is a comparatively low value. 

(4) Cyanogen.—Whilst there can be no doubt but that th 
constitution of the nitriles must be that attributed to the 
above, much uncertainty still prevails as to the configuration 0 
the cyanogen molecule; that is, should the formula b 
N:C.C:NorC:N—N:C. From the heat of formatio 
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of the cyanogen gram-molecule, namely 11°06 Cal., it is 
evident that the first of these formule cannot be the correct 
one, since if it were so we should have 


Nic.c:N=2,+2N:c = 11'06 Cal. 


But since v, = 14°71 Cal., the formation of the N:c group 
should correspond to a thermal value of —1°82 Cal., whilst we 
found above, in the case of the nitriles, a value of +1°79 Cal. 
for this group. If, on the other hand, we assume that the 
cyanogen molecule has the formula c: N — N : c—that is to 
say, that each of the atoms in the nitrogen molecule is united 
to a carbon atom—we shall have 


eoN = Nie = eri na= 1r'e6 Cal, 


since the molecule of nitrogen has not been decomposed. 
This value is in complete agreement with that found for the 
¢:m group in the nitriles, namely, 8°30 Cal. for ¢:z, since 


erin = 1100 Cal, = 4 kK 2°77 Cal. 
Ch NGO, = 3X 277 3. 

that is to say, the thermal effect corresponding to the triple 
bond ¢:z between the carbon and nitrogen atoms of the 
nitriles is one and a half times as great as that due to the 
double bond ¢: z of cyanogen. We may therefore assume that 
the constitution of the cyanogen molecule is C : N — N: C,and 
also that a single bond between a carbon and a nitrogen gram-atom 
corresponds to a thermal value of 2°77 Cal. 

(c) Hydrogen cyanide—It is evident from their heats of 
formation that the nitriles and hydrogen cyanide do not belong 
to the same series of homologous compounds, Thus we find 


Hydrogen cyanide. . t1o‘goCal. \ 49°60 Cal. 
Acetonitla.. .  { ¢  Go"KoO 4, a 3 5°79 Cal. 
Propionitrile . . . 104°31 43°08» 


Whilst the difference between the heats of formation of the 
nitriles is 43°81 Cal., and therefore corresponds to the common 
difference between the members of a homologous series, the 
value for hydrogen cyanide, on the other hand, differs by 49°60 
Cal. from that of acetonitrile. 
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There are two formule which might be attributed to the 
molecule of hydrogen cyanide, namely, either HCN or HNC. — 
The heat of formation is 10°90 Cal., and if we add to this $7. #, — 
or 6°51 Cal., we obtain 17°41 Cal. for the formation of the 
gram-molecule from hydrogen and free atoms of carbon and 
nitrogen. Supposing the constitution of the molecule to be 
HNC, then the heat of formation must be (see p. 420) 


17°41 Cal. —2.H+ nc = 5'94 Cal. + uz, 


and this gives a value of 11°47 Cal. for mc, which is far higher — 
than the value found above for the triple linkage c: 7, namely 
8°30 Cal. If, on the other hand, we accept the second formula, 
HCN, then the heat of formation will be 


17°41 Cal, = r+ c= 14'90 Cal. + 20, 


from which we find wc = 2°51 Cal. This is a very close 
approximation to the value of 2°77 Cal. found above for the 
single bond, and we are therefore justified in assigning the 
formula HC.N to the molecule of hydrogen cyanide, which 
differs by an amount equal to 2c.n from the #:c group of 
the nitriles. 

Since the first two determinations gave completely 
concordant values for ¢. 7, and the third differs only by a small 
amount, I have placed the value of the single linkage between 
a nitrogen and a carbon atom at 


Cu. = 274 Cal, 


and represent the molecules of the three substances investi- 
gated by 


He uN Cr N= Nec aC. Pi 


That dissimilar atoms can be united by their valencies in 
various ways has already been noted above in the case of 
oxygen, for it was shown that the formation of the groupings 
C:O and C—O—C gave equal thermal effects (see p. 408 and 
also Table 54). 


4 
d 
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15. Ammonia and the Amines. 


The investigation comprised 13 amines in all, including 
the primary, secondary, and tertiary methyl- and ethylamines ; 
and in addition propyl-, isobutyl-, and amylamine, as well as 
allylamine, aniline, pyridine, and piperidine. 

(a) The general character of the heat of formation is the same 
as that previously observed, namely, that the differences between 
the heats of formation of two successive members in a series of 
homologous compounds of the same constitution are equal to 
one another. ‘This is shown in Table 54, where the following 
magnitudes are given for the heats of formation, P:— 


Difference. 
Methylamine. . . . 46°76Cal.| 
Bthymime . . . . 25s .; tx 45°77 Cal. 
Dimethylamine . . . S774 ,, \ 
Diethylamine . . . 179'94 ,, | eet, 
Trmethylamime.. . .' 128°69, ,, 


Triethylamine . . . 268°30 3 AOD4, 9 

The difference comes out a little greater than in the 
majority of the series already described, but a similar relation 
was nevertheless observed in the case of the halogen com- 
pounds and ethers. 

Lsomeric amines, such as ethylamine and dimethylamine, 
show, on the other hand, differences in their heats of formation 
arising from their dissimilar constitution ; for example— 


Biya ws. . « «a O@geCal) 
Dimethylamine . . . . . 87°74 ,, 4°79 Cal. 
Propylasme@.... . 4s ow EB5EG y, ! ie 
Trmiethylamme . . . . . 4123°69 .,, 7» 


so that the heats of formation of the primary amines are greater 
than those of their secondary and tertiary isomers. 
The primary, secondary, and tertiary amines of the same 
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radical, however, exhibit equal differences in their heafs of 
formation, thus— 


| : Difference. 
raha ebay ath Cal. 40°98 Cal. 
imethylamime . . . .  89'4 ,, ; 
: F ¥ 40 95 ” 
Trimethylamine. . . . 228°49 ,, 
Ethylamine . =. «2 5 “@g'es 3; 87°41 
Diethylamine. . . . « E¥O'O4 4 88°44 * 
Triethylamvme . . . . 26B%o ,, ™ 


(0) Zhe constitution of the amines is usually deduced from 
that of ammonia. They are regarded as derivatives of ammonia, 
in the molecule of which one, two, or three atoms of hydrogen 
are replaced by alkyl radicals. But this assumption is not in 
accordance with the heats of formation, which for ammonia 
at constant volume is 11°31 Cal., so that the differences are 


Methylamine — Ammonia = 35°46 Cal. 
Ethylamime — Ammonia = 81°22 ,, 


and these values are considerably lower than the differences 
between the other amines belonging to the same series, which 
are respectively 40°97 and 87°92 Cal. These facts can only 
be explained on the supposition either that the hydrogen 
atoms in ammonia have not all the same value, which 
is highly improbable, or else that the constitution attri- 
buted to the primary amines does not hold good in every 
case. 

If we assume that the amines are formed from ammonia 
and the corresponding hydrocarbon with the elimination of a 
molecule of hydrogen—that is, in accordance with the equatio 


C,H + NH; — H, = C,H» 4iN, 
this reaction will be attended by a thermal effect determine 
by 


(Ca, LL, ath iV) ae, (Ca, £7 2,) aj (Xd, £73) = R 
£, ~ P —1131Cal= 
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The values of & are given in the table below. 


Hydrocarbon. 12) Amine. on R 
Cal. Cal. Cal. 
Methane 59°55 Methylamine 46°76 | —24'I0 
Ethane 104°16 Ethylamine 92°53 — 22°94 
Propane 148°31 Propylamine 135°56 — 24°26 
Pentane 236°85 Amylamine 22698 —21'18 
- — SS Se ns ee a 
Benzene 216°61 Aniline 211 °09 — 16°83 
Propylene 117°20 Allylamine 112°26 — 16°25 
CH, 22100 Piperidine 215°99 = 16°32 
Isobutane 193°65 Isobutylamine | 189'08 — 15°88 


It is obvious that we have here amongst the so-called 
primary amines two series with different constitutions ; the 
mean value of the heats of reaction in the first series is 23°12 
Cal., in the second 16°32 Cal. 

In a similar manner the heat of formation can be deter- 
mined for a reaction in which a primary or secondary amine 
takes part in the place of ammonia, and in which there is 
consequently formed either a secondary or a tertiary amine. 
Thus we find 


Dimethylamine — (Methane + Methylamine) = — 18°57 Cal. 
‘Trimethylamine — (Methane + Dimethylamine) = — 18°60 ,, 
Diethylamine — (Ethane + Ethylamine) = TO%S 5; 
Triethylamine — (Ethane + Diethylamine) =—15'80 ,, 


The mean value is in this case 17°43 Cal., and thus approxi- 
mates very closely to that of the heat of reaction, namely 16°32 
Cal., found for the second series of the amines ; on the other 
hand, it diverges widely from the mean value of the first group, 
which is 23°12 Cal. We may therefore conclude that in the 
last two series the reaction is the same, but that it is different 
in the first series. 

In this connection it is noteworthy that the eats of neutral- 
tization of ammonia and the amines also point to a difference in 
constitution. The evolution of heat per gram-molecule on 
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neutralization of dilute solutions by means of hydrochloric acid 
amounts to 


Ammonia . .. . . 4§2,87o Cal, 
Methylamine--. . . . Z@,558 ,, 
Dimethylamine . . . 11,810 ,, 
Trimethylamine . . . 8,740 ,, 


Thus the heat of neutralization 7tses with the introduction 
of the first CH, group into the molecule of ammonia, but 
falls, on the other hand, for each of the two following. This 
would be very remarkable behaviour on the assumption that 
the introduction of each of the three CH, groups produced a 
similar change in the configuration of the ammonia molecule. 

It is evident from the preceding statements that the con- 
stitution of the amines differs according to whether they belong 
to the first or to the second of the above-mentioned series ; 
thus, for example, the formule CH,.NH,and C,;H;. NH, cannot 
both correspond to the actual constitutions of methylamine 
and aniline respectively. Now, as the constitution of aniline, 
as deduced from its heat of formation and from the configura- 
tion of benzene, cannot be other than that usually assigned to 
it, namely C;H,. NH., we must therefore seek for some other 
formula for methylamine and its analogues. 

If now we compare the heats of formation of the two com- 
pounds CH, .NH, and CH,: NH;, making use of the values 
already known to us, namely— 


14°90 Cal. | ¢.0e 2°99 Cal] 
NH, = 5°37 » |NH,;=11°31 ,, 


S 
II 


we find for 


CH,;.NH, 37+ 2.c+NH, = 52°84 Cal. 
CH,:NH; 27+ 22.¢+ NH; = 46°65 ,, 


whilst the experimental value for the heat of formation of 
methylamine equals 46°76 Cal. It is therefore scarcely open 
to doubt but that its constitution must be CH,: NH;. Hence 
it follows that the constitution of the secondary and tertiary 
methylamines must be 
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f Ea 2 
HC : NH, ec Ne H.C. )NH; 


that is to say, the nitrogen atom in these allied amines is penta- 
valent. The great similarity in behaviour between the primary 
amines of this series and ammonia when treated with nitrous 
acid also appears to support the suggested constitution. 

In Table 54 I have collected together the heats of formation 
of all the nitriles and amines examined. As in the former 
tables, the heats of formation are given for the formation of 
the compounds from free atoms of carbon, and also the values 
derived from the numbers in column 7 of Table 43 by the 
addition of 38°38 Cal. for each gram-atom of carbon in the 
compound. At the same time, the tables contain the com- 
ponents of the heats of formation, namely, the thermal effect 
corresponding to the atoms directly united to the nitrogen 
atom, which are dependent upon the three constants previously 
determined— 


ea a7 Cal 6. w= 13'a2 Cal, = (N,, Hi) = 11°32 Cal: 


Hence we can deduce the thermal values of the groups of atoms 
represented in the table, namely— 


CaN = TA Cal. C UNE, = 16°85 Cal. 
C:N = =—0'97 ,, CeNeG = 13°68 5, 
CN = iGo .; CoE ESTO sr 4; 
CzN = +457 ” Ge NH, = 8°14 a 


These are the values designated in the table by the letter 
Q. The thermal effect due to the bonds between the carbon 
atoms themselves is, as in the case of the hydrocarbons and 
other compounds, placed at 14°71 Cal. for v, and at 13°27 Cal. 
for v, in the aliphatic series (see p. 391), and at 14°09 Cal. for 
wz in aromatic compounds (see p. 395). 

If we subtract Q, and also the thermal value corresponding 
to the linkages between the carbon atoms, from the heat of 
formation, /, we have left that part of the thermal effect due 
to the hydrogen atoms of the compound which are united to 
the carbon. This is the value which has previously been 
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represented by 7, and which in the case of the hydrocarbons, 
alcohols, aldehydes, ketones, acids, etc., amounts to 14*90 Cal. 
whilst for the halogen compounds and ethers it has a somewhat 
higher value, namely, from 15*19 to 15°67 Cal. 


TABLE 54. 


HEATS OF FORMATION OF THE CYANIDES, NITRILES, AND 


AMINES. 
Heat of formation at constant volume. 
Name. CaHlpCe a 
be ey oe nv 
Cal. 
Cyanogen . C:N—N:C | 11'06| =2C:N + xn 
Hydrogen cyanide Hc.N 10°90 | =C.N +1 xX 14°64 
Acetonitrile HC Ce 60°50 | =C:N+4 xX 14°68 
Propionitrile LE PCa Ces) 104°31| =C:N+7 x 14°64 
Methylamine . Ls Ga i 46°76 | =C:NH; +2 X 14°95 
Dimethylamine aoe : \NH, 87°74 | =C:NH,+ 5 x 14°81 
Bye 
Eee 
Trimethylamine .| H,C. })NH 128°69 | =C::NH+ 8 x 14°77 
HAG, 
Ethylamine H.C,:NH, | 92°53) =C:NH,+ 4x 15°24+ 7 
Diethylamine . . | HsCe? \Nu, 179°94 | =C:NH + 9 x 15"20+27 
6 S29 
HC et 
Triethylamine. H,C,. )NH_ | 268°30 | =C::NH+14 x 15'264+ 32 
He. 
Propylamine H,C,:NH, | 135°s6 | =C: NH,+ 6 x 14°88-420 
Amylamine . .|H,C,;:NH, | 226°98| =C:NH,+10 X 15°13+47, 
Isobutylamine. . | H,C,. NH. 18908 | =C.NH,+ 9 X 15'21+37 
Allylamine. . .|H,C;.NH, | 112'26| =C.NH,+ 5x 15°23+1) 
Phehylamine 5 3 |G y uN ie 21°09 | =C.NH.+ 5 Xx 15°23+9 
Piperidine. . .|H,C,;.NH, | 215°99| =C.NH,+ 9 x 15°27-+5u 
Pyridine 5 withivGiauN 171°37|=C.N + 5X 15°20+7 


It is evident from the table that the value of 7, or th 
thermal effect corresponding to each of the hydrogen atom 
which is united to a carbon atom, is in exact agreement fo 
each of the series in question; and, moreover, that th 
constitution of the eight amines corresponding to the norm 
paraffins is in complete accordance with that given above fo 
the primary, secondary, and tertiary amines. On the othe 
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hand, the constitution of isobutylamine and of allylamine must 
be assumed to be C,H,. NH, and C;H;. NH.—that is, similar 
to that of aniline, namely C,H; . NH. 

The explanation of this must be looked for in the constitu- 
tion of the corresponding hydrocarbons— 


H H 
H,C—C—CH, and H,C—C = CH,, 
CH, 


in which the NH, group attaches itself to that carbon atom 
which is already combined with the least number of hydrogen 
atoms (as is also the case in the reaction between hydrochloric 
acid and the unsaturated hydrocarbons), so that the constitution 
of these amines can be represented by 


NH, NH, 
.C—C—CH, and H,C—C = CH, 
C 


9 


which is thus analogous to that of aniline, C,H;. NH,. 

(c) Pyridine and piperidine.—The molecule of pyridine is 
usually supposed to have a constitution similar to that of 
benzene, only that an atom of nitrogen replaces one of the 
trivalent CH groups. But the heat of formation of pyridine is 
not compatible with this view, no matter whether we adopt the 
Kekulé formula for benzene, or assume a constitution with nine 
single linkages. In the first case the heat of formation of the 
gram-molecule would be 132°27 Cal., in the second 160°85 Cal. 
But neither of these values accords with the heat of formation 
of pyridine as deduced from its heat of combustion, namely 
171°37 Cal. 

The constitution of pyridine is therefore not derived from 
that of benzene, but from that of a hydrocarbon, C;H,, the 
carbon atoms of which are linked by seven single bonds ; that is 
to say, with the greatest possible number which a saturated 
hydrocarbon of the formula C;H, can have. Now, when one 
atom of hydrogen is replaced by an atom of nitrogen, we have 
for the constitution of pyzzdine 

/CH—CH 
N.CH ><| Pyridine, 
NCH— CH 
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and from this we can, in the usual manner, derive the 
constitution of piperidine, which contains six additional atoms 
of hydrogen, whereby two single linkages are destroyed ; thus 
we have 


7 CH,—CH, 
Ls | Piperidine. 
\ CH,—CH, 


The molecule of pyridine, C;H;N, therefore contains seven 
linkages between the carbon atoms, that of piperidine, on the other 
hand, only five, and the data in Table 54 show that the experi- 
mental results are in support of this hypothesis. ‘The fact that 
we can derive from piperidine both a dimethylpiperidine and 
also a trimethylpiperyllium iodide is in satisfactory agreemen 
with the presence of the NH, group in the piperidine molecule 


16. Nitro-compounds, Nitrites, and Nitrates. 


(a) The constitution of nitro-compounds.—A comparison 0 
the heats of formation of nitromethane and of nitroethane witl 
those of the corresponding chlorides shows the following con- 


stant difference :-—— 
Heat of formation. Difference. 


a 60°35 Cal. 
CH,.NO, 55°82 ,, bass Cal. 
Ca,;Cl  totar ,, ; 
Cioy, NO, 16596 4, Maat és 
We may therefore conclude that the same constants ente 
into the heats of formation of the two series, and tha 
consequently both for the nitro-compounds and also for th 
chlorides we can put 7 and z equal to 15.13 Cal. Furthe 
more, ¢.7 = 2°77 Cal. (see p. 423) and (N, O,) = —8'12 Cal 
(366 Dp. B53). 
The formula commonly accepted for the nitro-compound 
is R.NQO,, where # represents the alcohol radical. The hea 
of formation of such a compound would be as follows (se 


Table 55) :-— 

Calculated. Experimental. 
(C, H;, N, O.:) = 37 +2.¢+ (MN, 0.) =40°10Cal. 55°82 Cal. 
(C,, Hs, NV, Or)=5r+n.c+ (NV, O2)+%=85'55 5, TOI'go ,, 
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There is therefore a difference of 15°72 and 16°35 Cal. 
between the experimental and calculated results, from which it 
is apparent that che accepted constitution of the nitro-compounds, 
' namely R.NO,, cannot be the correct one. 

Since the observed heat of formation is so much higher 
than that calculated according to the formula R.NO,, it 
follows that a part of the oxygen must be linked to carbon ; 
that is to say, the molecule contains the NO and not the NO, 
group. If, however, we regard these so-called nitro-compounds 
as uttroso-derivatives of the alcohols, in which an atom of hydrogen 
is replaced by NO, the discrepancy between the theoretical and 
practical values disappears, and the formule become 


H H 
Pelee OWL iG .C On 
NO NO 


The heats of formation of these compounds can be calculated 
by means of the same constants that were made use of in former 
examples, and by putting the COH group equal to the value 
found for the alcohols, namely 44°42 Cal. (see p. 400), and 
(N, O) equal to the thermal effect determined for the formation 
of 1gram-molecule of NO—that is, — 21°57 Cal. (see p. 252); but 
0°29 Cal. must be added to this last value, since the replacement 
of an atom of hydrogen in the alcohol molecule by a molecule 
of NO produces a contraction of half a molecular volume. 

The heats of formation of the two nitro-, or, more properly 
speaking, nitroso-compounds, are as follows :— 


Calculated. Experimental. 
2r+COH+enu+(N,O)+o0'29Cal.= 56°17 Cal. 55°82 Cal. 
v,+4r+COH+cn+(N,O)+0°29 ,, =101'56 ,, Tor'go ,, 


The difference between the experimental and calculated values 
amounts only to +0°34 Cal., and this isa negligible quantity, 
being only some o'r to o*2 per cent. of the heats of combus- 
tion of the compounds, namely 180'90 and 337°94 Cal. 

It is easy to explain several of the characteristic properties 
of the nitroccompounds on the supposition that they are 
substituted alcohols in which a hydrogen atom of the radical 

PC. 2 F 
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has been replaced by NO, but the explanation is less satis- 
factory if we accept the formula R.NO,. Thus on substitution 
of a hydrogen atom by bromine or NO, the primary compounds 
form derivatives in which the acidic properties are even more 
pronounced than in the original substances. These three 
compounds can be represented by the following formula :— 


H Br NO 
CH,.C.OH CH,.C.OH CH,.C.OH 
NO NO _ NO 


On the other hand, the secondary nitro-compounds form in- 
different substances on substitution by bromine; for example— 
CH, CH; 
CH. ., OF CH. ©. O8Br; 
NO NO 


where the resulting products do not contain a hydroxyl group. 
The tertiary compounds are known not to have a hydrogen 
atom joined to the CNO group, and consequently do not form 
bromine derivatives corresponding to those described above. 

Similarly, we can explain the formation of hydroxylamine 
Jrom nitromethane when acted upon by concentrated hydro 
chloric acid in the following simple manner: one molecule o 
water is decomposed, and there is an interchange between th 
H and NO constituents of the H.C.NO group and th 
oxygen atoms of the water, thus giving rise to a fatty acid 
whilst the hydrogen atoms of the water join up with th 
H and NO to form hydroxylamine, H,NO. 

Now, since the general properties of the nitro-compounds, a 
well as their heats of formation, are satisfactorily explained o 
the assumption that they are substituted alcohols with an Ni 
group in place of one of the hydrogen atoms of the alcohol 
radical, there is every reason to believe that this assumptio 
is justified. 

(0) Litrites and nitrates—The heats of formation of th 
nitrites cannot be determined with any great degree o 
accuracy, owing to their very unstable nature. 


CONSTITUTION AND THERMAL PROPERTIES 435 


TABLE 55. 


NITRO-COMPOUNDS, NITRITES, AND NITRATES. 


Heat of formation, P, at constant volume. 


Name. Rational formula. 

| Experimental. | Calculated (see text). 

Cal. 

Nitromethane .| HO.CH,.NO 55°28 56°17 Cal. 
Nitroethane . . | HO.C,H,. NO 1O1I°9gO IOI‘56 ,, 
Ethyl nitrite. . Gob. ONO 105°63 37°09) 5, 
Amyl nitrite. .| C,H,,.0.NO 236°56 CuOath Wan 30a. 
Hthyl nitrate. .| C,H,.O.NO, T1551 Sacre: 


These substances are esters in which the acid radical is 
NO or NO,. Their rational formule will therefore, for 
example, be H;C,.O.NO and H;C,.0.NO, They all 
contain the ¢.a.# group of atoms, and the share this grouping 
takes in the heat of formation of the compound can be 
calculated in the usual manner by inserting the constants 
ry and v,, which as before are taken as equal to 14°90 and 
14°71 Cal., and also the values for NO and NO,, which were 
given above as —21°57 and —8'41 Cal. We thus have for 


Cal. Cal. 
C,H; .O.NO 57+ 4, +NO +c.0.n= 67°64+¢.0.2| 37°99 
C2Hi,.O. NO rir--47,-+-NO --¢.¢.”= 20117 + ¢.00 | 35°30 
C,H; .O.NO, 57+ %+NO,+¢c.0.m= 8080+ ¢.0. | 34°71 


The values found for ¢c.0.#. vary somewhat considerably, 
although not more than was to be expected from the nature of 
the compounds, which makes accurate measurements of the 
heats of combustion a very difficult matter. 


17. Sulphur Compounds. 


The thermal effect on formation of sulphur compounds is 
always calculated starting from rhombic sulphur, of which the 
heat of combustion is 71°08 Cal. It was not considered 
worth while to determine the value for the vapour of sulphur, 
since its heat of vaporization is not accurately known. 
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The heats of formation of the mercaptans and disulphide 
run parallel to those of the series already described, as will be 
apparent from the following comparison between the heats o 
formation of certain of these compounds :— 


Methyl. Ethyl. | Difference. 
Mercaptan . . 43°75 Cal. 90'03 Cal. 46°28 Cal. 
Disulphide . . | 2X 44°16 ,, 2% 30°87 ,, 2KA4S7I 5 
Amine, =). 4 40:70. ,, 92°53 » | 45°77 


Chloride. . . GO'S5) 5, iorsgr ,, | 45°96 ,, 


The mean value of these differences, namely 45°88 Cal., i 
somewhat higher than that between two members of the paraffin 
series (44°51 Cal.); but here again we can make use of th 
same constants as in the case of the chlorides, and put x = 7,= 
15°13 Cal. If now with the help of these constants we calc 
late the influence of the C.S. Hand C.S.C groups for the firs 
four compounds, we arrive at the numbers given in the four 
column of Table 56, namely — 1°20 and — 1°80 Cal. respectivel 
The influence is thus very small and negative. 


Allyl isosulphocyanide . | © 3H,.NCS 106°82 


TABLE 56. 
MERCAPTANS, SULPHIDES, SULPHOCYANIDES, ETC. 
Heat of ‘3 
Molecular mation, P, 
Substance. formula. at constant 
, leas 
Cal 
Hydrogen sulphide . . | H.SH 2°73 
Methyl mercaptan . . | CH;.SH 43°75 CSH } —1°64C 
Ethyl mercaptan. . . | C,H;.SH 90°03 —O'75 ,, 
Dimethyl sulphide . . | (CH3).S 88°33 csc ee fe 
Diethyl sulphide . . . | (C,Hs)S 179.75 —I1'81 ,, 
Carbon disulphide . . | CS, 12°95 C:S +6°47 , 
Carbonyl sulphide . . | COS 75°70 
Thiophene. . . | Gas 137°04 
Methyl sulphocyanide . | CH,.5S.NC 44°77 intel Skah 
Methyl isosulphocyanide | CH,;.NCS 51°66 
| 
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Since the heat of formation of carbon disulphide is 12°95 
Cal., the thermal effect corresponding to the C:S group must 
be 6°47 Cal., whilst we found above in the case of the sulphides 
a value of — 1°80 Cal. for the C.S.C group of atoms. ‘This 
agrees very well with the results of the investigation of the 
ethers, where it was found that the C. O. C group corresponded 
to a thermal effect of 34°31 Cal., whilst the C:O group of the 
dioxide and monoxide of carbon had a far higher value, namely 
67°67 Cal. 

Carbonyl sulphide, COS, forms, as it were,a sort of con- 
necting link between carbon dioxide and carbon disulphide, 
and its heat of formation should therefore lie between those of 
these two substances. The experimental values are 


Heat of Absolute heat 
combustion. of formation. 
Carbon dioxide . . . o'o Cal. 135°34 Cal. 
Carbonyl sulphide . . U30'or , FEO 4 
Carbon disulphide . . 265753 ,, 12°95 us, 


so that the heat of formation of carbonyl sulphide falls but 
slightly higher than the mean value of the other two num- 
bers. This difference is, however, no greater than might 
be explained by an error of + 0°6 per cent. in the heat of 
combustion. We thus obtain the values 74°92 and 14°50 Cal. 
for the heats of formation of the two compounds, and con- 
sequently a difference of 60°42 Cal. between C:O and C:S. 
Now, since C : O corresponds to 67°67 Cal., C: S must be equal 
to 7°25 Cal., whilst the experimental result was 6°48 Cal. 

Thiophene.—Special interest is attached to the heat of 
formation of thiophene, namely 137°94 Cal., since the value 
gives us some insight into the constitution of the substance. 
This is usually derived from the Kekulé formula for benzene, 
in the molecule of which the CH: CH group is supposed to be 
replaced by S, just as the pyridine molecule is assumed to be 
derived from benzene by replacing the trivalent CH group by 
an atom of nitrogen. But as in the case of pyridine, so also in 
that of thiophene, the heat of formation is not compatible with 
this assumption. 
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According to the Kekulé formula the molecule of thiophene 
C,H,S, in addition to the four hydrogen atoms linked to car 
bon, should contain two double and one single bond betwee 
the atoms of carbon themselves, as well as the c..S.c group o 
atoms. Now, if we put v, = v, = 14'09 Cal., as corresponding 
to the linkages in the aromatic radical, and ~ = 15*13 Cal. a 
before, the heat of formation should be 


v%, + 20, + 4r+¢.S.¢ = 102°79 Cal. +¢.8.¢, 


whilst the experimental result is 137°94 Cal. And since w 
found above that c..S.¢ was equal to —1°80 Cal., there i 
a difference of 36°94 Cal. between the observed and theoretic 
values, which shows that the Kekulé formula must be rejected 

Thiophene can, however, be derived from a saturated hydr 
carbon, C,H,, with five single bonds between the carbon atoms, ¢ 
we suppose that two atoms of hydrogen are replaced by an ato 
of sulphur, According to this theory, the thiophene molecul 
would have the following constitution :— 


Cx 
-S:C<|>CH,. 
CH 


If we accept this formula, the heat of formation of thiophen 
per gram-molecule will be 


5%, + ar+c¢: S= 130°97 Cal. +c: S. 


Now, the heat of formation of a gram-molecule of CS, i 
equal to 12°94 Cal., so that the formation of the C:S grou 
must be attended by a thermal effect of 6°47 Cal. If we ad 
this value to 130°97 Cal., we obtain 137°45 Cal. as the heat o 
formation of a gram-molecule of thiophene, and this is in exac 
agreement with the experimental result. There can therefore b 
no doubt that the formula which I have attributed to thiophe 
is the correct one, and that its molecule is derived from 
saturated hydrocarbon, C,H,, with five single linkages, in whicl 
two atoms of hydrogen are replaced by an atom of sulphur. 
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18. Tabular Comparison of the Heats of Combustion and 
of Formation of Volatile Organic Compounds. 


The following tables contain the numerical results of my 
researches on the thermal properties of 120 organic substances, 
arranged in systematic order. 

In the third column are given the results of direct experi- 
ment ; that is to say, the heats of combustion at constant pressure 
corresponding to the gram-molecular weight of the compounds, 
when the products of combustion are as follows, namely: gaseous 
carbon dioxide, nitrogen, sulphur dioxide, and chlorine, the 
vapours of bromine and iodine (at 18°), and /iguid water. 

Combustion at constant pressure is accompanied by a 
change in volume, because the sum of the volumes of the 
compound and of the oxygen necessary to its combustion will 
usually be either greater or less than the sum of the volumes 
of the products. ‘The energy corresponding to the change in 
volume is equal to 0°58 Cal. for each gram-molecular volume 
which disappears at 18°. A part of the observed heat of com- 
bustion is consequently a result of the change in volume, and 
this must naturally be allowed for in arriving at the true heat 
of combustion ; that is to say, that found at constant volume. 

The fourth column contains a statement of the change in 
volume resulting from the combustion ; this, for the compounds 
in question, is expressed in terms of ~ half-molecular volumes, 
and its influence will accordingly be 7 x 0°29 Cal. This mag- 
nitude must be subtracted from the actual experimental result 
in order to arrive at the Aeat of combustion at constant volume. 
Thus, for example, one gram-molecule of methane with two 
gram-molecules of oxygen produces only one gram-molecule of 
carbon dioxide; the contraction is thus two gram-molecular 
volumes, and the correction will be 4 X 0°29 Cal., or 1°16 Cal. ; 
if this be subtracted from 21193 Cal., we obtain 210°77 Cal. 
as the heat of combustion of methane at constant volume, 
and so on. 

The heats of formation of the respective compounds follow 
from their heats of combustion, since they are equal to the 
differences between the heats of formation of the products of 
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the combustion and the heats of combustion of the com- 
pounds themselves ; for example— 
(Cay Hoyy S) = a(C, O,) + W(Z, O) + (S, 0.) —f. CaS: 

In all cases the heats of formation given refer to amorphous 
carbon, rhombic sulphur, molecular gaseous hydrogen, nitrogen, 
and chlorine, and to the vapours of bromine and iodine. The 
following are the values used for the heats of formation of 
carbon dioxide, water, and sulphur dioxide :— 
(C, O,) = 96°96 Cal. 68°36 Cal. at constant pressure 
(S, O,) = 72°08 ,, 67°49 is ro volume, 

In the third column of the following tables are given the 
heats of combustion at constant pressure, since these are the 
actual experimental measurements, and they moreover provide 
a means of direct comparison with the results of other experi- 
menters. On the other hand, the fifth column contains the 
heats of formation at constant volume, which must be used in 
all cases when considering their relations one to another. 
These values are represented by /, and are calculated accord- 
ing to the preceding equation, in which the heat of combustion 
of the compound and the heat of formation of water are both 
taken at constant volume ; for example we have for 

(C;, He) = 2 X 96°96 Cal. + 3 x 67°49 Cal. — (370744 Cal. 
— 5 X 0°29 Cal.) 
(Cy, diy) =p = oF (Cal. 

The values represented by / in the fifth column may be 
described as the empirical heats of formation, since they refer 
to a special condition of the carbon, namely, the amorphous 
variety, with a heat of combustion of 96°96 Cal. 

On the other hand, the values in the sixth column represent 
the heats of formation of the respective compounds with reference 
to the atom of carbon. The thermal effect resulting from the 
union of a gram-atom of carbon with oxygen to form carbon 
dioxide is here taken as equal to 135°34 Cal.—that is to say, 
twice the value of the heat of combustion of carbon monoxide 
(at constant volume this equals 67°67 Cal.)—and this value 
corresponds to the heat of combustion of a carbon atom taken 
as the constituent of a gaseous compound, The heats of 
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formation calculated in this manner are 38°38 Cal. greater 
than the empirical values for each gram-atom of carbon in the 
gram-molecule of the compound ; for a compound with @ gram- 
atoms of carbon in the molecule, we thus have 
P=pt+a X 38°38 Cal. 

The magnitude / represents the absolute heat of formation. 
From this we can easily learn the relation between the heat 
of formation and the constitution of the compound, as, for 
example, by making use of the empirical heat of formation, 
which corresponds to the formation of the substance from 
amorphous carbon. 

The numbers in the tables all refer to the molecular weights 
of the compounds, and the thermal values are expressed in 
kilogram-calories. 


TABLE #7. 


HEATS OF COMBUSTION AND OF FORMATION OF VOLATILE 
ORGANIC COMPOUNDS. 


Heat of Heat of ipeerny 
Molecular com- at constant volume. 
Substance. formula. phere ee es 
| pressure. ae p P 
| 
Cal. Cal. Cal. 
HYDROCARBONS. 
remane fk gk tb ie CE, [fe -2n0'os)|| Able yetat7 Sous 
RUGS 5 Ro ys Gh A Mipmen | 370°44| § | 27°40 | 104°16 
BIO Beier la) us uel) | Cmte §20°2r |. 6.) 33°37 | LAB er 
‘Trimethylmethane . . . GHC Ea, \ O87 IO) 7 |) 40mg) aLogsan 
Tetramethylmethane . . C(CH3), | 347°11| 8 | 44°95 | 236°85 
Di-isopropyl. .... (C3277)o 999°20| 9 57°60 | 287°88 
eae. 68 sa ape) i) Geeta 799°35| 5 |—13°67 | 216°61 
PO nt se a | glee | 955°68| 6 |— 5°26 | 263'40 
Memetene ee le | CHE 1282°31| 8 |— 2°41 | 343°01 
Pseudocumene ... . (CLIEER | T2ok" 5h) 8 |— Ds aaa es 
EDVIee ee ls 4 | | (Gaet, ft 33seson A l= Si20 7acay, 
iepylenie. se ls a | | (Ogee 492°74| 5 |+ 2°06 | 117°20 
Trimethylene . Cals | 499°43| 5 |— 4°63 | Ilo's1 
Isobutylene , Coe, | 650°62| 6 |-+ 8-92 | 16244 
Isoamylene Cully | 807°63; 7 |+16°65 | 208°55 
Diallyl . Cy fix6 | O32°82| 7 |—15"58 | 218°70 
Acetylene . C,H, | 310°05| 3 |—47°77| 28°99 
Allylene Reh? we th iOgiea | 467°55| 4 |—40°53| 74°61 
DPMODATOVL . . « . | Cella | 882°88! 5 |—97°20| 13308 
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Substance. 


HALOGEN COMPOUNDS. 


< | 
: 


Methyl chloride . 
Ethyl chloride 
Propyl chloride . 
Isobutyl chloride 
Monochlorethylene . 
Monochlorpropylene 
Allyl chloride 
Phenyl chloride . 
Ethylene chloride 
Ethylidene chloride: 
Dichlorpropane . 
Carbonyl chloride 
Chloroform 
Monochlorethylene chloride 
Perchlormethane . : 
Perchlorethylene 
Methyl bromide . 
Ethyl bromide 

Propyl bromide . 

Allyl bromide 

Methyl iodide eer 
Bthyliodide'. . . % 


Ethylene oxide 
Dimethy] ether 
Methylethyl ether 
Diethyl ether. . 
Methylallyl ether 
Dialiviveiier s 5.0. 
ae a ether . 
Anisol . : 
Methylal . . . 
Trimethylmethenyl ” ether 
(Methyl orthoformate) . 


Methyl alcohol 
Ethyl alcohol . 
Propyl alcohol 
Isopropyl] alcohol 
Tsobutyl alcohol . 
Trimethyl carbinol . 
Isoamyl alcohol . 
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Molecular 
formula. 


CH,Cl 
C,H,Cl 
C,H,Cl 

C BCl 
C,H,Cl 
C,H,Cl 
C,H,Cl 
C,H, Cl 
Coff Cl, 
CoH,Cl, 
C,H1,Cl, 
COC, 
CHCl, 
CHCl, 
cc 
Ce 

CH, Bron 
CoH Breas 
C3 BF as 
Cs i, Br as 
Cn. 
Cite 


ETHERS, ETC. 


| CH,.0.CH, 


CH,.0.CH, 
CH,.0.C,H, 
C,f5.0.C2L1, 


| 


CH,.0.CH, | 


C,H,.0.C,H, 
CH,.0.C,ff, 
CH,. 0. Cal 
CH,(OCH ). 


CH OCH); 


ALCOHOLS, 


Heat of Heat of formation 
com- at constant volume. 
bustion at| 
constant 
pressure. p P 
Cal. 
176°95| § | 21°97) 60°35 
33411 | § | 29°55 | 106°31 
492°38 | $ | 36°02 | 151°16 
650°09 | Yb) 43°05 | 196°57 
298°34| § |— 2°46) 74°30 
453°37| 4 |+ 7°25 | 122°39 
454°038| § |+ 5°94/ 121°08 
76388 | % |—12°38 | 217°90 
296°36| 2 |+33°12| 109°88 
29641 | 2 {| 33°07 | 109°8 
453°88) 3 | 40°34 155°48 
41°82 |-1 | 54°85} 93°23 
107703 —} | 23°53) Or°gL 
262°48 +) 32°82 | 109°58 
75°93 |—-2 | 20°45| 58°83 
19507 |~-2 | 73) Jou 
84°71; § |+14°21| 52°59 
341°82| % | 21°84] 98°60 
499°29| § | 2Q°1K | 144°25 
462°12| § |— A 113'64 
196°08 | 8 2°84| 41°2 
353°73| $ | 9°93, 86°69 
312°55| 3 | 17°22| 93°90 
349°36 4.) 48°19 | 124°95 
505°87| 5 | 56°42 | 171°56 
659°60| 6 | 67°43 | 220°9 
627°20| 5 | 32°05 | 185°57 
gII'Io| 6 9°85 | 240°I 
603°83 | 4 |—12°36 | 141°16 
936°30| 5 |+13°83 | 282°4 
476°08 | 4 | 85°92 | 201'06 
509°18 | 4 | 127'27 | 280°79 
182°23| 31] 50°58| 88-96 
340°53 | 4 7°02 | 133°78 
498°63| 5 | 63°66| 178°80 
493°32| 5 | 68°97 | 184°1L 
658°49 6 | 68°54 | 222°06 
641°34| 6] 85°69 | 239°2T 
820'°07' 71! 71°70! 263°60 


r 
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Heat of Heat of Geaaiee 
nN : M ] ] Cons at constant volume 
Substance. pets neat n 
pressure. p P 
Cal. (Sate Cal, 
Dimethylethyl carbinol C,,.OH SOME | Fl) omra2 | 27322 
Allyl alcohol . Cyf/5:OfF 464°76| 4 | 29°75 | 144°89 
Propargyl alcohol C,H3, Of 431°IO| 3 |— 4°37 110°77 
Bhenols) C, 75. OF 768°76| 4 |+16°63 | 246'91 
Ethylene glycol . C,H, (O07), 2os'mr | 3 | “Ooms 5 or 
ALDEHYDES AND KETONES. 
Acetic aldehyde . CH. COR 281°90| 3| 47°87 | 124°63 
Propionic aldehyde . Coe. COR 440°72| 4 | 53°79 | 168'93 
Isobutyric aldehyde . C,f7,.COH | 599°90| 5 | 59°31 | 212°83 
Dimethyl ketone CO(CH3)» 437°25| 4] 57°26|172°40 
Methylpropyl ketone CH3.COC;H,| 754°19| 6! 69'401 251°30 
AcIDS AND ANHYDRIDES. 
Formic acid H.CO,H 69°39) 1 95°35 | 133°73 
Acetic acid CH,.CO,H | 225°35| 2 | 104°13 | 180°89 
Propionic acid Cee COLLE |W 85051 || 3 | 1O7 7m) 222705 
Acetic anhydride . (C,H,0),0 460°07 | 2 | 130°82 | 284°34 
ESTERS. 
Methyl formate . (OIE CLEOE ZAC on | 2) | S827 i LOstoe 
Methyl! acetate GHG .O, |) 390'24| 3) | O4°98 (ero 
Ethyl formate C,H,.CHO, | 400°06} 3. 94°16 | 209°30 
Methyl propionate . CHC, On| 55395) 4. | Moston | 25853 
Ethyl acetate . Gyn CoH, 540°57) | A) | 12°30 265-00 
Propyl formate ; CyHi;. CHO, 558°80] 4 | roo'16 | 253°68 
Methyl isobutyrate . CH,.C,H,0,| 716°94| 5 | 106°76 | 298°66 
Isobutyl formate . (EF Ee. CHO, 719°90} 5 | 103°80 | 295°70 
Allyl formate . : C,H,. CHO, 527°90| 3 | 63°28 | 216°80 
Dimethyl carbonate. (Ce); 357°57 | 2 | 136°36| 251°50 
Diethyl carbonate - | (Coffs)o.CO, | 674°10|] 4 | 149°31 | 341-21 
Ethyl nitrate . . | €,4;.N0; 324°04.} 3 35:75 | Lisesn 
SULPHUR COMPOUNDS, MERCAPTANS, ETC. 
Hydrogen sulphide . UL SLL T3070 |) 3 275 || 273 
Methyl mercaptan (CIEE SIE 208°81| 4 5°37 | qos 
Ethyl mercaptan . (Guise toyed | 455°65| 5 13°27 | 90°03 
Dimethyl sulphide (CZ3)oS AS, 3h 5 | LE S758 38 
Diethyl sulphide . | (Gelinas: ewe ye 20nes |b aGene 
Methyl sulphocyanide . (OU EO (OM 398°95 | §& |—31°99! 44°77 
Methyl isosulphocyanide . | C/;.4.CS 392°06| § |—25°10] 51°66 
Allyl Ste a (OT PEAY 675°36| #4 |—46°70 | 106°82 
FIMOpMene. % 9. + (MV ah) 610°64| 4 |—15°58 | 137°04 
Carbon bisulphide > 265°13| 2 |—25°43| 12°95 
Carbonyl sulphide COS: IQL’OL | L [-r37°42) Fy yo 
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Heat of | Heat of formation 

com- at constant volume, 

bustion at} 
constant 
pressure. 


Molecular 


Substance. formula. 


HYDROGEN CYANIDE AND NITRILES. 


Cymoren. 2. « « « 2 PGiNG 259°62| oO 
Hydrogen cyanide . . .| 4.CHV 158'62| 3 
Acetonitrile . . ,. « 4) Ci ecy 312°14| 8 
Propionitrile . . « « «+! CeewCy 471451 3 
AMINES. 
Ammonia alley Baa nae ees 90°65! 38 
Methylamine. . .. . | CH;.NVA, 258°32| 3 
Dimethylamine . . . .1|(CH)o.WVH | 420°46| 8 
Trimethylamine . . . .|(CAH;);.V 582°63, 
Ethylamine . . . . « (eye, 415°67| 3 
Diethylamine. . . . .|(C,H)2.WVH | 734°50| # 
Tricthylamine. . . « ..| (@off)eiV 1052°38 |, 
Propylamine. . . » «| Cplty.dvide 575°74| 
Isobutylamine ... .|C,4&,.WVA, 725°30|) 
Amylamine . . « » « | Gf, JVG, 890°58| 1 
Allylamine ..» . « + |} Cult, 33 1°28] § 
Amilime .6s « » = «| Cgllaveviey 38°47 | 3 
Pyles 4 nse mw Se ea ee 675°07| 43 
Piperiding. . . . & «| Ggltg.2Vid, 833°79| #2 


NITRO-COMPOUNDS, NITRITES, AND NITRATES. 


Nitromethane. . . . . | CH;.4O, 180'90| } 17°44.| 55°82 
Nitroethane . . . . . | Co&,.JVO, 337°94) 3 25°14 | 10190 
Ethyl nitrite . . . . .|C,H;.0.NO | 334°21| § | 28°87 | 105°63 
Amyl nitrite . . . . .|C,M%,.0.NO}| 812°64| § | 44°66 | 236°56 
Ethyl nitrate. . . . .|C,H5.0.NO,| 324°04| 4 | 38°75] 115°51 


CHAPTER XV 


REVIEW OF THE THEORETICAL RESULTS BASED UPON 
RESEARCHES ON THE THERMAL PHENOMENA OF 
VOLATILE ORGANIC SUBSTANCES 


WHILE the atomic and molecular theories are based upon 
a study of the composition and chemical properties of gaseous 
substances, the mechanical theory of heat is the outcome of 
a knowledge of their physical properties. It was therefore an 
obvious conclusion that an investigation of the thermal effect 
due to the chemical reactions between gaseous substances 
would also lead to results of very general application; and 
it was for this reason that in studying the thermal phenomena 
of organic substances I directed my attention mainly to the 
case of volatile compounds. 

The research is based upon the determination of the heats 
of combustion of the volatile compounds, for only very few 
of the reactions between organic substances take place under 
conditions suitable to a measurement of the thermal effect on 
formation of these same substances from their elements. 

The heats of combustion were all, as far as possible, carried 
out in a uniform manner, with the same apparatus and under 
the same external conditions, and the experimental results 
were all calculated for the same temperature and physical 
condition, in order that the results might be directly compar- 
able; for we may assume that all the measurements possess an 
approximately equal degree of accuracy. Unfortunately, this 
is not the case with many of the numerical data of other 
investigators, and 7 have consequently based my conclusions 
exclusively upon the results of my own individual researches. 
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The most important theoretical conclusions deduced from 
a study of the numerical results of the determinations described 
in the last chapter may be briefly summed up as follows :— 

1. In a series of homologous compounds the heat of com- 
bustion rises from member to member by an approximately 
equal amount. In the case of the hydrocarbons, alcohols, 
aldehydes, ketones, and esters, the mean value of this constant 
is 158'°57 Cal., whilst for the halogen compounds, nitriles, 
amines, acids, ethers, sulphides, and nitro-compounds, it has a 
somewhat lower value, namely 157‘11 Cal. ‘This magnitude 
is not an absolute constant, any more than are the majority of 
physical constants; it must therefore be regarded only as an 
approximate expression of the influence which the addition of 
the CH, group exercises upon the heat of combustion of a 
compound. 

2. The atoms in a molecule react in the main only upon 
those atoms with which they are united, so that the heat of 
formation of a molecule is very closely dependent upon the 
linkages of the atoms. ‘The constant difference referred to 
in the preceding paragraph between the heats of combustion, 
and necessarily also the heats of formation, of two adjacent 
members in a series of homologous compounds, suggests that the 
influence of the incoming CH, group is not appreciably affected 
by the atoms to which it united; for in that case there would 
be a considerable difference in thermal effect, according to 
whether the group of atoms entered into a molecule which 
contained oxygen or chlorine, or into a hydrocarbon. It 
is true that, as mentioned above, a trifling difference in thermal 
effect was observed, corresponding to the introduction of the 
CH, group into the molecules belonging to different groups of 
compounds, but the difference is very small in proportion to 
what it would be if the influence of more distant atoms were 
to come into play. The heat of formation of a molecule is 
thus in all essentials derived from the linkages between its 
atoms, as has been proved by numerous examples in the pre- 
ceding pages. 

3. The four valencies of carbon are identical. A com- 
parison between the heats of combustion of methane and the 
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four hydrocarbons, ethane, propane or dimethylmethane, tri- 
methylmethane, and tetramethylmethane, shows that the heat 
of combustion rises by an equal amount for each CH; group 
which enters into the molecule of methane in place of an atom 
of hydrogen. ‘The four atoms of hydrogen must therefore be 
bound with equal strength. 

It is likewise evident that isomeric chlorides, such as the 
chlorides of ethylene and ethylidene, allyl chloride and 
monochlorpropylene, have equal heats of formation, notwith- 
standing that in the case of ethane and propylene the hydrogen 
atoms which are replaced by chlorine occupy different positions 
in the molecule. 

Whilst the substitution of a hydrogen atom by CH; always 
produces the same thermal effect, the value will be different 
when the hydrogen is replaced by the OH group. ‘Thus 
primary alcohols have a lower heat of formation than their 
secondary isomers, and these latter a still lower value than the 
tertiary alcohols ; but this relation is no doubt due to the more 
or less central position of the OH group in the different 
alcohols, owing to which the influence of the oxygen atom 
upon the more distant hydrogen or carbon atoms may become 
considerable, and all the more so since the affinity of oxygen 
for carbon and hydrogen is far greater than that of any other 
element (see p. 453). 

4. The heat of combustion of a hydrocarbon can be 
expressed by the following general equation :— 


Feely = aa aby — Sv, ow... {8} 


in which x represents the heat of combustion of each of the 
carbon atoms in the molecule, y that part of the heat of 
combustion due to each of the atoms of hydrogen which is 
linked to a carbon atom, and Xv the total influence that the 
collective linkages between the atoms of carbon exercise upon 
the heat of combustion. On resolving =v into its separate 
terms, the equation assumes the following form (see p. 386) :— 


F a(x — 20) +0(2y + 2%) 
gklgg, = ; 
I 2b { + p.(20, a UV») + 23(32; = Us); (2) 
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in which 7, v, and v, represent the influence exercised upon 
the heat of combustion by one or other of the three kinds of 
linkages between the carbon atoms; # and /, express the 
number of double and triple linkages. We can derive the 
following values from the heats of combustion at constant 
volume of the aliphatic hydrocarbons :— 


(x — 2v,) = 105°92 Cal. (27, — v%) = 16°15 Cal. 
(2y + v;) = 52°40 ,, (3% = Us) = 44°37 95 
and when these values are substituted in the preceding equation, 
we find 
SC,Ho, = aX 105'92+0X 52'40+f, X 16°15 +f; X 44°37 Cal. (3) 
5. Thermochemical constants.—The heat of combustion, 
x, of a carbon atom in a gaseous compound can, from what 
has been said above, be expressed in three ways, which are 
dependent upon the three kinds of linkages, namely— 
x = 105'92 Cal. + 27, 
Cc Teecy , + @ 
X= 13550 , + oe 


> 


j 
j 
‘ 


But the value of x can also be deduced from the heat : 


of combustion of carbon monoxide, which at constant yolume 
amounts to 67°67 Cal. (see p. 382). The one atom of oxygen 
that carbon monoxide takes up on oxidation is linked to the 
carbon by two valencies—that is, in the same manner as 
the oxygen atom already present in the molecule of carbon 
monoxide. ‘The heat of formation of carbon dioxide must 
therefore be 2 x 67°67 or 135°34 Cal., provided always that the 
carbon atom from which the molecule of carbon dioxide is to 
be formed is present as the constituent of a gaseous compound ; 


‘whilst the formation of 1 gram-molecule of carbon dioxide by — 


the combustion of amorphous carbon produces only 9696 Cal. 


This difference of 38°38 Cal. must therefore be the amount of — 


heat which is consumed in detaching a gram-atom of carbon 
from the complex molecule of amorphous carbon and con- 
verting it into the gaseous state (see p. 383). 

Now, since the direct measurement of the heat of com- 
bustion, «, of the gram-atom of carbon gives a value of 135°34 
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Cal., whilst that derived from the heat of combustion of the 
hydrocarbons should be 135'50 Cal. + 2v,, there is every reason 
to suppose that the thermal effect corresponding to the so-called 
triple bond is so small that it may, without producing any 
sensible error, be taken as equal to zero. According to this 
assumption we obtain the following thermal values, corresponding 
to the different linkages between the carbon atoms of the aliphatic 
compounds :— 


U, = 14’yr Cal. @, == E32” Cal, i, =O, 


and, furthermore, for the eat of combustion of a gram-atom of 
carbon, and for that of ¢wo gram-atoms of hydrogen linked to 
carbon atoms— 


wre Tag s4 Cal, ay = (52°40 Cal. — 7,) = 37'69 Cal. 


But since the heat of combustion of a gram-molecule of 
hydrogen at constant volume and with the formation of liquid 
water is 67°49 Cal., we can therefore arrive at the thermal value 
of the linkage of hydrogen to the atoms of carbon. Thus for every 
gram-molecule of hydrogen, of which two gram-atoms of 
hydrogen enter into a gaseous compound, this amounts to 


ar = 29°80 Cal, = 2¢,.4 —h.h. 


It is evident from the preceding data that there is no 
appreciable difference in the strength of the single and double 
linkages between two atoms of carbon, which amount respec- 
tively to 14°71 and 13°27 Cal. per gram-atom, and that this is 
approximately equal to the strength with which the hydrogen 
atom is bound to the carbon atom, namely 14'90 Cal. 

Once the values of « and y are determined, the heat of com- 
bustion of a hydrocarbon becomes, according to equation (1)— 


JC, Ho, = @ X 135°34 Cal. + 2 x 37°69 Cal. — Sv; (4) 


so that in any given case from the heat of combustion of a 
compound we can determine the total influence of the collective 
linkages, as well as their nature and number. 

6. Benzene, pyridine, thiophene, and trimethylene.— 
Applied to the aromatic compounds, equation (4) shows that 
benzene does not contain double, but nine single linkages between 

TC. 2G 
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the six carbon atoms. Since the heat of combustion of benzene 
at constant volume is 797'90 Cal., we have for =v— 


Sv=6 X 135°34 Cal. + 3 x 37°69 Cal. —797‘90Cal.= 127'21 Cal. : 


But 127°21 Cal. is equal to 9 x 14°14 Cal. The value of the 
single bonds is therefore but little lower than that found for the 
aliphatic hydrocarbons, namely 14°71 Cal.; but their number 
must in every case be nine. The mean value of these linkages, — 
as derived from the heats of combustion of five aromatic 
compounds, amounts to 14'0g Cal. (see p. 393). 

Similar researches on the heats of combustion of pyridine 
and thiophene lead to the same conclusion, namely, that the 
molecules of pyridine and thiophene do not contain double linkages, , 
but that they must be derived from saturated hydrocarbons @ 
the formule C,H, and C,Hy with respectively seven and five 
single linkages between the atoms of carbon (see pp. 431 and 438). 

Trimethylene, C;H,, is characterized by the fact that the 
total value of the linkages between the three gram-atoms of 
carbon amounts only to 22‘1r Cal. If we assume that there 
are three linkages between the carbon atoms, we have only 
7°37 Cal. for each bond—that is, just half the value of 14°71 
Cal. found above for the single bond. ‘The heat of combustion 
at constant volume is 497°98 Cal. (see Zherm. Unters., iv. 66), 
and we thus find that 


Sv = 3X 135°34 Cal.t3 x 37°69 Cal.—497'98 Cal. = 22°11 Cal. 


It is evident (/oc. cit.) that this peculiar behaviour is an actual 
fact, and not due to any errors, experimental or otherwise, so 
that it remains as a solitary exception amongst a large number 
of observations.’ It is also worthy of note that the heat o 
combustion of trimethylene at constant volume is one and a 
half times as large as that of ethylene, namely 497°98 as 
against 332°19 Cal. 

7. The heat of formation of a compound is equal to the 
difference between the heats of formation of the products 0 


1 See A. W. Stewart’s Stereochemistry, p. 444. 
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combustion and the heat of combustion of the compound ; 
for example— 


(Ca; Fy) = aC, 02) + b( fh, QO) wf C,H2, . (5) 


But the heat of formation of carbon dioxide—that is to say, 
the heat of combustion of carbon—is dependent upon the allo- 
tropic state of the carbon ; for the amorphous variety the value 
is 96°96 Cal. This magnitude was taken as the basis of the 
calculations of the heats of formation found in Tables 35 to 
44, columns 6 and 7, and which are given both at constant 
pressure and at constant volume. ‘Thus these values express 
the thermal effect corresponding to the formation of the 
compound from hydrogen and amorphous carbon; but in 
order to decompose the complex molecule of solid carbon 
and produce therefrom carbon atoms in the same _ physical 
condition as that in which they exist in the compounds 
under consideration, an amount of energy is required which, 
as has been shown above, amounts to 38°38 Cal. for each gram- 
atom of carbon liberated from the amorphous substance. If, 
on the other hand, we wish to give the absolute heat of formation 
of the compound—that is to say, the thermal effect which accom- 
panies the formation of a compound when both it and the 
constituents from which it is formed are in the same physical 
condition, that is, when they are all present as gases-—we must 
add to the heats of formation given in the tables a value of 
38°38 Cal. for each gram-atom of carbon which enters into the 
compound. ‘Thus, for example, whilst the heat of formation of 
1 gram-molecule of CHy,, starting from amorphous carbon, is 
calculated in Table 35 as 21°17 Cal., the absolute heat of forma- 
tion will be 38°38 Cal. greater, or 59°55 Cal. The magnitudes 
of the absolute heats of formation of the whole of the com- 
pounds investigated are given in the last table (pp. 441, ef seg.). 

8. The absolute heat of formation of a compound is 
equal to the sum of the thermal values corresponding to 
the collective linkages between the atoms of the com- 
pound. If we retain the symbol (C,, /7,) for the thermal effect 
on formation of a compound from amorphous carbon, we can, 
in order to avoid confusion, represent the absolute heat of 
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formation by the formula (c,, /Z2,), where little ¢ indicates that 
the compound is assumed to be formed by the union of atoms 
of gaseous carbon with molecular hydrogen. | 
Thus the absolute heat of formation of a hydrocarbon | 
can be calculated by means of the following simple equation © 
(see p. 398) :— | 
Co ee ee . 


in which 27 corresponds to the thermal value of the linkages © 
between the two atoms of a molecule of hydrogen and the | 
carbon atoms of the compound, which, in accordance with the — 
experimental results, amounts to 2 X 14*'go Cal. 

Isomeric hydrocarbons will therefore have the same heats 
of formation unless Sv gives unequal values, which happens 
when the nature and number of the linkages are different, 
Thus the heats of formation are the same for the isomeric 
hydrocarbons of the paraffin series, because the number of 
linkages between the atoms of carbon is always 2a — 4. On 
the other hand, the two isomeric hydrocarbons, benzene and 
dipropargyl, have different heats of formation, since the number 
and nature of the carbon bonds are different. We thus have— 


Calculated. Experimental. 
Benzene (és, Hy) = 67 + ou = 21621 216°61 Cal, 
Dipropargyl (és, Ay) = 67 + 32% + 22, = 133°53 133°08 ,, 


— ——— 


There is therefore a difference of 82°68 Cal. between the heats 
of formation of these two hydrocarbons. | 
The molecule of the Zolymeric hydrocarbons can be repre- 
sented by z.C,H,,; their heats of formation and combustion | 
are not, however, 7 times a common constant, for Sv is not 
a common multiple. In the case of the olefines, the moles 
cules of which can be represented by a. CH,, we have— 
Heat of formation ee? oe) (20-0) =@X 44°51 Cal. 
@X 158*32 Cal. + (27, — a) = ax158" 32 
Cal. + 16°r5 Cal. 


The small value of 27, — v7, as compared with the heat of — 
combustion, accounts for the former assumption, based upon 


Heat of combustion 1 
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insufficient evidence, that the heat of combustion of the 
olefines must be a multiple of a common constant. 

9. The influence which the oxygen atoms exercise upon 
the heat of formation of a molecule differs appreciably 
according to the manner in which the oxygen atoms are 
united to the other atoms in the molecule. The following 
relations are noted in the different series of compounds 
containing oxygen :— 

(a) £thers—The molecule of these compounds is sup- 
posed to be built up of two alcohol radicals united by an atom 
of oxygen, and will therefore contain the C.O.C group. There 
is an average thermal value of 34°31 Cal., corresponding to the 
formation of this group of atoms. ‘The magnitude is not a 
constant one, and appears to be partly dependent upon the 
number of hydrogen atoms, and this must be taken as an 
indication that the influence of the oxygen, which is known 
to have a very great affinity for hydrogen and carbon, extends 
beyond the immediately adjacent atoms. 

Ethylene oxide behaves in a precisely stmilar manner to the 
ethers, and must have the formula H.C.O.CH, with two free 
valencies; for the introduction of an atom of oxygen into 
the molecule of ethylene, in place of the double linkage, cor- 
responds to a thermal effect of 93°98 — 73°47 = 20°51 Cal., 
whilst the taking up of an atom of oxygen by the ethane 
molecule in place of the single linkage produces a heat effect 
of 124°95 — 104°51 = 20°44 Cal. The relation is therefore 
exactly the same, and, if dimethyl ether has the composition 
CH;.0.CHs, ethylene oxide must be dimethylene ether, CH,.O.CH,. 
The earlier view that ethylene oxide contained a single linkage 
between the carbon atoms would necessitate a heat of formation 
greater by 14°71 Cal.; that is to say, about 15 per cent. higher 
than the experimental value. 

(2) Alcohols.—The oxygen atom in a molecule of alcohol 
is supposed to be present in the form of hydroxyl linked to a 


carbon atom, so that the molecule contains the —COH group. 


The thermal effect on formation of this group of atoms is 
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not the same for the primary, Secondary, and tertiary alcohols, 
being smallest for the primary and greatest for the tertia 
alcohols. For the primary alcohols, including phenol, the 


heat of formation of the —COH group averages 44°67 Cal. 


On the assumption that the alcohol is formed from the corre- 
sponding hydrocarbon by the introduction of an atom of oxygen, 
the thermal effect would be 44°67 — 14'90 Cal., or 29°77 Cal. 
The constituents of the hydroxyl group are therefore bound 
to the carbon atom with a strength exactly three times as great 
as that with which a hydrogen atom is linked to carbon; 
for 3 X 14°90 = 44°70. 

In the case of the secondary alcohols, the formation of the 


—COH group corresponds to a thermal effect of 50°71 Cal., and 


for the dihydric alcohol, ethylene glycol, it has a precisely 
similar value, namely 2 X 50°80 Cal. The ¢vihydric alcohol, 
trimethyl carbinol, on the other hand, has a heat of formatio 


| 
of 60°98 Cal. for its —COH group. This large thermal effect 
| 


which the oxygen atom produces on formation of the secondary 
and tertiary alcohols is no doubt due to the more central positio 
occupied in the molecule by the hydroxyl group as compared 
with the primary alcohols. 

(c) Zhe aldehydes, similarly to the alcohols, contain the 
COH group; but the heat of formation is far greater, 
namely 64°88 Cal. In this case, therefore, the oxygen atom 
must have some function other than that which it has in the 
alcohols. A study of the influence of oxygen on the heats of 
formation of the ketones and acids may help to throw light 
on this difference. 

(d) Ketones and fatty acids —The molecule of the ketones © 
contains two alcohol radicals united to a C:O group. Of the 
thermal effect on formation of a ketone, 53°52 Cal. is due to 
the formation of the C:O group. The molecule of the acids 
contains the monovalent carboxyl group, the constitution of 


‘ 
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which is assumed to be O:C.OH; and the thermal value 


corresponding to the formation of this group was found 
experimentally to be 119°75 Cal. Now, the thermal effect on 
formation of the COH group of the aldehydes equals 64°88 Cal., 
whilst the carbonyl group, CO, of the ketones has a heat of 
formation of 53°52 Cal. ‘The sum of these two numbers is 


64°88 Cal. + 53°52 Cal. = 118°40 Cal., 


whilst the thermal value on formation of the carboxyl group 
of the acids is 119°75 Cal. These two magnitudes may 
therefore undoubtedly be taken as equal, and all the more so 
since two out of the three acids investigated gave values of 
118°83 and 118°93 Cal., whilst the third had the higher value 
of 121°48 Cal. 

It follows from the statements above that the COH group 
of the aldehydes must have the constitution C.OH, and that 


the aldehydes are non-saturated compounds with two free 
valencies, whilst the carbon atom in the COH group of the 
alcohols does not possess free valencies. 

(e¢) £sters—The molecules of these compounds are assumed 
to be built up of an acid radical and an alcohol radical united 
by an atom of oxygen. The constitution of methyl acetate 
will therefore be represented by the formula 


H,C—O —C—CH,. 
| 


The thermal effect corresponding to the group of atoms 


C—O—C—C, 
O 


amounts, according to Table 50, to 105°44 Cal., as the mean 
value for five esters. This group contains two atoms of oxygen, 
each of which is linked to carbon atoms by two valencies. 
Assuming these valencies to be of equal value, we shall have 
a thermal effect of 4 x 105'44 Cal. for each gram-atom of 
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oxygen, or 52°72 Cal., which is in complete agreement with — 
the thermal value found for the ketones, namely 53°52 Cal. 
for each gram-atom of oxygen united by two valencies to 
carbon. 

In the esters of carbonic acid there are three atoms of 
oxygen, each linked by two valencies to carbon atoms; for the 
constitution of, for example, dimethyl carbonate can be ex- 
pressed by the formula 


H,C—O—C—O—CH,. 
| 
O 


According to Table 50, the thermal value of this group of 
atoms is 162°44 Cal., or 3 X 54°15 Cal., so that the thermal 
effect of each of the doubly-linked oxygen atoms is precisely 
the same as that found for it above. 

(f) The anhydrides of the acids of the paraffin series also 
contain three atoms of oxygen, each of which is linked by two 
valencies to carbon ; for example, acetic acid anhydride 


EC . C—O—C . Ca,. 
O 


Unfortunately, I have only investigated this one anhydride, 
but, of its heat of formation, 165*52 Cal. is due to the formation 
of the group mentioned above; the value of each gram-atom 
of oxygen is therefore 55°17 Cal. 

We have thus determined the thermal value of the linkage 
between the two valencies of an oxygen atom and the carbon atoms 
for four series of compounds, and found for the 


Ketonés .» « «2 « «© = §3°6a Cal 


Carbonic Gpters' 1 « . « §eiS y 
Aliphatic esters 4 . «: + 3S°9a 4, 
Acetic anhydride . . « 5S5°t?. » 


As the last value was derived from only a single anhydride, 
we can place the mean value at 53°46 Cal. 

10. Halogen compounds.— 7Z/%e affinity of chlorine for carbon 
is approximately equal to that of hydrogen. ‘This is shown, for 
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example, by a comparison of the heats of formation of methane 
and of the chlorides derived from it, which, according to 
Table 36, are at constant volume— 
(C, A) = anry Cal. 
(C,H, Cl) = 21°97, 
(C, #F, C2;) = 23°63 ” 
(C, CZ) = 2045 ,, 


A further investigation proves (see p. 410) that the thermal 
effect for the chlorides with two and three atoms of chlorine 
in the molecule is somewhat higher than for the chlorides 
with one and four chlorine atoms, and for the corresponding 
hydrocarbons, 

The affinity of chlorine for carbon is greater than that of 
bromine, whilst iodine has a still snialler value. ‘The thermal 
values of the linkages between the three substances, in the 
form of gas or vapour, and carbon is as follows :— 


~~ 


for amorphous carbon, 


I gram-atom of chlorine and carbon . . . 15°13 Cal. 
= “ bromine vapour and carbon. 7°68 _,, 
” ” iodine ” ” © 425 5 


There is therefore a satisfactory agreement between the 
behaviour of these three elements towards carbon and towards 
hydrogen (see p. 191). 

.11. The thermal effect on dissociation of molecules into 
their atoms shows the following noteworthy relation.—It 
was demonstrated on p. 382 that the energy which must be 
supplied to a gram-molecule of amorphous carbon in order to 
liberate therefrom free gaseous atoms amounts to 38°38 Cal. 
for each gram-atom of carbon set free. Hence it follows that 
the maximum thermal value of the linkage between two carbon 
atoms of a gaseous molecule corresponds to 14°71 Cal. fora 
single, and to 13'27 Cal. for the so-called double bond. 

It follows, from the earlier researches on the heat of dis- 
sociation of nitrogen tetroxide, that the splitting up of the 
gram-molecule of N.O, into two gram-molecules of NO, causes 
an absorption of 13°60 Cal. at constant volume, and this 
magnitude corresponds to the linkages of the atoms in the 
molecule of nitrogen. 
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From this value, and the heat of formation of nitric oxide, — 
we can now calculate the thermal effect on dissociation of a 
gram-molecule of oxygen, which amounts to 26°32 Cal., and on 
comparing this with the value determined by Boltzmann for 
the heat of dissociation of the iodine molecule, namely 27°94 Cal. 
at constant volume, we obtain the following result :— 


tae feb Cal. 
13°27 55 
nn T7'O2 ,, 


0 a SHE TRIE, 
1.t=2 x 13°97 2 


that is to say, the thermal value on dissociation of the mole- 
cules of these four elements into their atoms appears to be 
a multiple of a constant magnitude, equal to approximately 
na7o Cal, 

12. A study of the heats of formation of the compounds 
of nitrogen has led to the following results :— 

(a) Nitrogen and carbon have but small affinity one for the 
other. The linkage between a gram-atom of carbon and of 
nitrogen amounts to 2°77 Cal. for each single bond, so that 
the triple linkage between two dissimilar, polyvalent atoms 
produces a thermal effect of 8°31 Cal. But since the dis- 
sociation of the gram- -molecule of nitrogen requires 13°02 Cal., 
the thermal value given must be diminished by 6°51 Cal. if 
we suppose the formation of the nitrile to take place from 
molecular nitrogen. 

(4) Zhe nitro-compounds (nitromethane and nitroethane) do 
not contain the NO, group. The high value found for their 
heats of formation shows that half of the oxygen must be 
linked to carbon; and the experimental and calculated results 
are in perfect accordance with the theory that these substances 
are derivatives of alcohol, in which one of the hydrogen atoms 
of the alcohol radical is replaced by NO. ‘Thus the formula 
of nitromethane becomes HO.CH,.NO, and with such a 
constitution the products of decomposition can be explained 
in a simple and natural manner (see also p. 432). 

(c) Zhe heats of formation of the amines point to a difference 
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in constitution between the aliphatic and the aromatic series. It 
is found as the result of experiment that the primary aromatic 
amines, and similarly also allylamine and piperidine, must have 
the constitution R.NH,; but the primary aliphatic amines 
are of a different constitution, for they must be regarded 
as addition products of ammonia and of a divalent alkylene 
radical, for example, CH,: NH;. Thus the heat of formation 
of methylamine, in accordance with the experimental results, 
is equal to the sum of the heats of formation of methylene 
and of ammonia, together with the thermal value of the double 
linkage between carbon and the nitrogen atom. The nitrogen 
atom is therefore in this case pentavalent, as it also is in the 
corresponding secondary and tertiary amines, such as, for 
example, CH,. NH, : CH, and 2(CH,) : NH: CH,. 

The heats of formation of the primary amines are higher 
than those of their secondary and tertiary isomers, and this 
also is in agreement with the different linkages of the atoms. 

That pyridine and piperidine do not contain double linkages 
between the carbon atoms, but are derived from the saturated 
hydrocarbons C;H, and C;H,, with respectively seven and five 
linkages, is also a natural conclusion from their heats of 
formation (see p. 431). 

13. Compounds of sulphur.—It has been experimentally 
shown that the atoms of carbon and sulphur in the mercaptans 
and sulphides are only very feebly bound; indeed, the thermal 
effect is negative for molecular sulphur. On the other hand, 
the value of the linkages of the carbon and sulphur atoms 
is considerably greater in carbon disulphide and carbonyl 
sulphide. 

In the case of ¢hiophene, the heat of formation leads to the 
conclusion that its molecule corresponds to a saturated hydro- 
carbon, C,H,, in which the carbon atoms are united by five 
single linkages, and in which two atoms of hydrogen are 
replaced by an atom of sulphur (see p. 437). 


CHAPTER XVI 


FORMATION AND DECOMPOSITION OF ORGANIC COM- 
POUNDS REGARDED FROM THE DYNAMICAL STAND- 
POINT 


THE results of my numerous experimental determinations of 
the thermal effect on formation of organic compounds from 
their elements afford abundant material in illustration of the 
principles underlying chemical reactions which were laid down 
in a preceding chapter (see p. 333). Since the thermal values 
were always determined for the same state of aggregation, 
namely, the gaseous, and since the majority of the reactions 
in which organic substances are formed or decomposed must 
be carried out at comparatively low temperatures, because the 
substances will not as a rule stand strong heating, ‘he reactions 
will result in an evolution of heat as an expression of the satura- 
tion of the strongest affinities. 

It is this property which we shall now proceed to illustrate 
by means of numerous examples drawn from the material in 
question. We shall make use of the numbers given in the 
fourth column of the tables on pp. 441, ef sey., which repre- 
sent the heats of formation at constant volume; that is to 


say, when the reacting constituents and the substances formed 


occupy the same volume, these values being calculated from 


the heats of combustion (see p. 368). The values are 


therefore valid for substances in the state of gas or vapour 
at approximately 18°, and for the formation with amorphous 
carbon as the starting-point. The unit is in all cases the 
kilogram-calorie. 

1. The action of chlorine, bromine, or iodine upon 
saturated hydrocarbons.—When chlorine is substituted in 


— 
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a hydrocarbon with the formation of hydrogen chloride we 
have the following reaction :— 


C, Ho, S Cl, = C,Hy_:Cl + HCl. 


The corresponding thermal effect will be, for example, for 
methane 


(C, Hs, C2) + (A, Cl) — (C, i) = Q 
21°97 + 22°00 — 21°17 = 22°80 Cal. 


Thus the process takes place with an evolution of 22°80 
Cal., and the heats of reaction of all the saturated hydrocarbons 
are of about this same value. For instance, for benzene 


(Cy, 45, Cl) + (7, Cl) — (Cy, A) = Q 
—12°38 + 22°00 + 13°67 = 23°29 Cal. 


By the further action of chlorine upon a chloride the 
substitution can go further; thus chloroform is formed from 
methyl chloride and chlorine according to the following 
reaction :— 


CH,Cl + 2Cl, = CHCl]; + 2HCl, 
and the thermal effect will therefore be 


(C, H, Ch) + 2(Z, Cl) = (C, By CH = O 
23°53. + 4400 — 21°97 = 2X 22°78Cal. 


and so on. The thermal effect in all such substitutions is 
approximately equal for each molecule of chlorine. 

Benzene and chlorine can also form addition compounds ; 
for example, C,;H,Cl,. The formation of such compounds is 
attended by the breaking of one of the nine linkages of the 
benzene for each molecule of chlorine taken up. Now, the 
linkage between chlorine and carbon corresponds to about 
30°00 Cal. for each gram-molecule of Cl, whilst the carbon 
bonds in benzene have a value of 14'09 Cal.; the addition of 
3 gram-molecules of chlorine is therefore accompanied by an 
evolution of 


3(30°00 = 14°09) = 47°73 Cal. 
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But the compound formed, C,H,Cl,, is in a state of labile 
equilibrium, and readily splits up into C,;H;Cl, and 3HC1 with 
a considerable evolution of heat, for chlorine and hydrogen 
are linked to carbon with about equal strength. ‘The resulting 
thermal effect will consequently be 


3((Z, C7) +, — 2 X 15'00) = Q 
3(22°00 + 14°09 — 30°00) = 18°27 Cal. 


In all these instances, therefore, the reaction takes place — 
with considerable evolution of heat. 
Bromine exercises a much feebler influence on the saturated — 
hydrocarbons, and the thermal value of the reaction with 
methane, ethane, and propane, calculated in the manner above, 
amounts only to 4°76, 6°16, and 7°46 Cal. respectively 
Lodine, on the other hand, does not react upon the saturated 
hydrocarbons, and the reaction would therefore be attended by 
a considerable absorption of heat. For example, in the case 
of methane and iodine (as vapour)— 
(Cc, LAs, fl) + (A, tl) ee tC. #7) 


2°84 — o'60 — 2117 = 


Q 
— 18°93 Cal. 

Thus the thermal effect of all these reactions is in accord- 
ance with the principles laid down for chemical reactions. 

2. The action of chlorine, bromine, and iodine upon non- 
saturated hydrocarbons or halogen compounds.—The non- 
saturated hydrocarbons take up one molecule of chlorine, and 
the double bond between two atoms of carbon is then replaced 
by asingle bond. ‘The reaction is accompanied by a consider- 
able evolution of heat, as, for example— 


(C,, 1, Ch) — (Cy Hy) = 33°12 +3'29=36°41 Cal. 
(C,, Hy, Cts) — (C2, Ag, CZ) = 32°82+2°46=35'28 ,, 
(C3, 5, Ch) — (C3, Hy) = 40°34—2'06=38'28 ,, 


and so on. 
In the first reaction ethylene chloride is formed from 


ethylene and chlorine; in the second, monochlorethylene 
chloride from vinyl chloride ; in the third, dichlorpropane from 
propylene. 
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Bromine behaves in a similar manner to chlorine, but reacts 
less vigorously. This is in accordance with the fact that the 
reaction of 1 gram-molecule of bromine vapour is attended by 
an evolution of 15 Cal. less than is the case with a gram- 
molecule of chlorine. 

Jodine unites with the unsaturated hydrocarbons with 
greater difficulty than the other halogens. The thermal effect 
for 1 gram-molecule of iodine vapour is about 38 Cal. less 
than for 1 gram-molecule of chlorine, and is therefore very 
little removed from zero. This explains how it is that 
the reaction takes place only under very favourable con- 
ditions. 

The halogens behave in a similar manner with respect to 
the other non-saturated compounds, such as, for example, allyl 
alcohol. The thermal effect will be about the same as that 
given above for each gram-molecule of the halogen which 
is taken up. If the compound contains triple linkages, the 
thermal effect will be considerably greater, namely, about 
13 Cal. per gram-molecule greater for the first molecule which 
is taken up, since the triple linkage is replaced by a double 
bond. 

3. The reduction of halogen compounds to hydrocarbons 
by means of hydrogen.—Whilst chlorine can replace hydrogen 
in the hydrocarbons, hydrogen, on the contrary, in the nascent 
state, can be substituted for chlorine in the chlorides, which 
are thereby reduced to hydrides. ‘This reaction is usually 
brought about by means of zinc and very dilute acid; but 
the heat evolved in this process can be left out of account, 
since it is practically only the nascent hydrogen which acts 
at the moment of its liberation. 

The thermal values corresponding to these two processes, 
namely, the action of chlorine upon the hydrocarbons and the 
action of hydrogen upon the chlorides, stand in a definite ratio 
one to the other, since their sum is equal to the heat of forma- 
tion of 2 gram-molecules of HCl. In the first process, from 
1 gram-molecule of CH, and 1 gram-molecule of Cl, there are 
formed CH;Cl and HCl; in the second, CH, is regenerated by 
the action of H, upon CH,Cl, whereby 1 gram-molecule of 
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HCI is again formed. In the form of an equation, this can be 
expressed as follows :— 
—(C, Hy, C2) + (A, Cl) + (C, A) = B 


so that A + B= 2(7, C/); that is to say, equals 44°00 Cal. 
When either bromine or iodine is taken up instead of — 
chlorine, the sum of these thermal values will be respectively 
2x 11°72 Cal, and —2 X 0°62 Cal., which are the heats of 
formation of 2 gram-molecules of HBr and HI. In the table 
below the thermal values of the two processes are compared in 
the case of the methyl and ethyl compounds; 4 corresponds 
to the action of the halogen upon the hydrocarbons, & to the 
action of hydrogen upon the halides. 
A B A+B 
Methyl 22°80 21°20 » 
Ethyl 24°15 19°85 } 44°00 Cal, = 2(H, Cl) 
“76 68 
Bromine | Bengt se ga 23°44 ,, = 2(H, Br) © 
Methyl —18'94 +17°70 
Ethyl —18'08 +16°84 \ 


Thethermal value 4—that is to say, that due to the reduction — 
of the halide by means of hydrogen—is approximately equal for 
the three halogens, and the reduction also takes place readily 
in every instance. On the other hand, the value A shows — 
considerable differences, in accordance with the well-known — 
fact that hydrocarbons are readily attacked by chlorine, with — 
greater difficulty by bromine, but are not acted upon at all 4 
by iodine. 

4. Decomposition of halogen compounds by means of 
alkalies.—The non-saturated hydrocarbons are able to unite 
directly with hydrochloric, hydrobromic, and hydriodic acids, 
The reaction goes slowly with hydrochloric acid, and most 
readily with hydriodic acid, notwithstanding that in all three 
cases the action of the halogen acid is attended by an approxi- 
mately equal evolution of heat ; for example, in the case of 
ethylene and hydrobromic acid— : 


(CxH,, HBr) = (Cy Hey Br) — (Cxy Hi) — (H, Br) = 12°87 Cal. 


Chlorine : 


Iodine i — i234 » =o 
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The thermal effect for the hydrocarbons with triple 
linkages will, of course, be some 13 Cal. greater. 

The opposite process, namely, the decomposition of a halogen 
compound with the formation of hydrogen chloride, will there- 
fore be attended by an absorption of heat; for example, the 
decomposition of ethylene chloride into vinyl chloride and 
hydrogen chloride will correspond to a thermal value— 

(C2, f2sy C7) + (Z, CZ) oo (C., f1,, Cz.) = Q 
—2'46 + 22°00 — 0°09, == — yesh Cal. 


The reaction takes place only under the influence of some 
external agency, and is usually brought about by warming 
ethylene chloride with a solution of caustic potash. The 
resulting evolution of heat is due to the energy of the reaction 
between hydrochloric acid and the base, and, when caustic 
potash is used, it amounts to over 31 Cal. 

Bromine and iodine compounds behave in precisely the 
same manner as chlorine compounds with respect to caustic 
potash, and the resulting thermal effect of the reactions is 
approximately the same in all three cases. 

The addition of a halogen to a non-saturated hydrocarbon, 
with subsequent separation of the hydrogen halide, is known to 
be extensively used in chemical synthesis. For instance, in 
this manner were formed the series of compounds: C,H,— 
C,H,Cl,—C,H,Cl—C,H;Cl; —C,H,Cl, — C,H,Cl, — C,HCl,— 
C,Cl,, likewise C;H;. OH—C,H;Br,OH—C,H,;. OH, and so on. 
All these processes take place with evolution of heat, the mag- 
nitude of which is approximately equal to that mentioned above, 

5. The formation of alkyl halides from alcohol, and 
conversely of alcohols from the corresponding halogen 
compounds.—The halides of the alkyl radicals are usually 
prepared by the action of the phosphorus halides upon the 
alcohol, when a considerable evolution of heat at once be- 
comes apparent. But the hydrogen halides also react with 
alcohol with evolution of heat ; for example, with ethyl alcohol 
and hydrogen chloride we have 


(Co £1, Cl) + (1, O) — (Cy As, O) —(H, Cl= Q. 
2055 oe SF54 —  §700 — a2'ooe Cap Cal. 
aus a 
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The reaction is here supposed to take place between the 
substances in the state of gas or vapour, so that the heat of 
formation of the water is given as 57°64 Cal.; the value holds 
good for water vapour at 18° and at constant volume. 

In the series of alcohols corresponding to the fatty acids, 
the thermal effect rises somewhat with an increase of mole- 
cular weight, since the heat of formation of the chlorides does 
not run parallel with that of the alcohols. For allyl alcohol 
and hydrogen chloride the thermal effect equals 11°83 Cal., for 
phenol 6°63 Cal. Hydrogen bromide and hydrogen iodide 
behave in a similar manner in the presence of alcohol, only 
that the thermal effect is some 2 to 3 Cal. higher than in the 
case of hydrogen chloride (see also Therm. Unters., iv. p. 376). 

The reverse process, namely, the conversion of a halogen 
compound into an alcohol, may be brought about either 
directly by the action of potassium hydroxide upon the 
halide, or indirectly by first treating the halogen compound with 
potassium acetate, and then decomposing the alkyl acetate 
formed by means of potassium hydroxide. Since, however, the 
potassium acetate is first decomposed, and then again re-formed, 
its participation in the process exercises no influence on the 
thermal value of the main reaction—that is, in the conversion of 
the halogen compound into an alcohol. But the action of the 
hydrogen halides upon the alcohols is attended by an evolution 
of heat ; the reverse process will therefore naturally correspond 
to an absorption of heat. But, as we saw ina preceding example 
(see p. 464), the energy of the reaction between the hydrogen 
halides and potassium hydroxide is sufficient to cause the total 
reaction to result in an evolution of heat. The fact that the 
iodides of the tertiary alcohols can be hydrolyzed by water 
(without the co-operation of an alkali) is due to the heats o 
formation of these alcohols being about 17 Cal. higher tha 
those of the corresponding primary alcohols, so that this pro- 
cess also takes place with evolution of heat. 

The formation of an alcohol by the action of silver oxide (0 
lead oxide) and water upon the corresponding halide is likewis 
attended by a considerable evolution of heat. Curious] 
enough, however, the reaction goes more readily with th 
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bromine and iodine compounds than with the chlorine com- 
pound, notwithstanding that the thermal effect is in all three 
cases approximately the same and of considerable magnitude. 
In a like manner the formation of ethylene glycol from ethylene 
chloride, silver oxide, and water is accompanied by an evolu- 
tion of 50°53 Cal.; we thus have 


(C,, fT, O,) +(Ag,, Ch) ar (Css HT, Ci,) won (Ag, O) a (Zi, O) = Q 
99°15 + 58°76 — 33°12 — 5°90 — 68°36 = 50°53 Cal. 

and an equally noticeable thermal effect is also observed in 

certain other cases when silver oxide is employed in the re- 

duction of halogen compounds, 

6. Decomposition of alcohols with the separation of 
water.—When the non-saturated hydrocarbons are able to 
form alcohols by the addition of water, the thermal value of the 
process, provided all the substances are assumed to be present 
in the form of gas or vapour, will have the values represented 
by Q in the table below. 


Heat of formation. 


Q=A- 
Bion A: Alcohol, B: Hydrocarbon, (B + 57°64 Cal.). 
C,H, 00 CH. 
Ethyl alcohol . . 57°02 Cal. — 3°29 Cal. 2°67 Cal. 
Propylalcohol. . 63°66 ,, +2°06 ,, 3°90 5, 
Isopropyl alcohol . 6807) 5, 2°06 ,, 9°27 5 
Trimethyl carbinol 85°69 ,, 8°92 ;, 19°T3 3, 


If from the heat of formation of the alcohol we deduct the 
sum of the heats of formation of the hydrocarbon and of water- 
vapour, we obtain the values given under Q, all of which are 
positive. The process is brought about by means of concen- 
trated sulphuric acid and final dilution with water; but it will 
even take place with evolution of heat without dilution, provided 
it is able to take place at all. 

The reverse process, namely, the decomposition of an alcohol 
to form a hydrocarbon and water, will naturally be attended by 
an absorption of heat equal to —Q. But this process also is 
brought about by the addition of concentrated sulphuric acid, 
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and the strong affinity of the acid for the water formed pro- 
vides sufficient energy for the process to result in an evolution 
of heat. 

The ethers can likewise be formed by the interaction of 
sulphuric acid and alcohol when mixed in suitable proportions. 
If the reaction is properly carried out, the thermal effect will be 
in accordance with the equation below, which represents the — 
formation of r gram-molecule of dimethyl ether and 1 gram- 
molecule of water by the decomposition of 2 gram-molecules of 
methyl alcohol— 


(Ci, LT, QO) ~ (h, 0) —Z 2(C, f1,, O) = Q .| 

48°19 + 57°64 — 2X 50°58 = 4°67 Cal. 
The process therefore results in an evolution of heat. 
That this must also be the case on formation of other ethers 


is evident from the figures in the table below, where Q repre- | 
sents the thermal effect of the reaction. 


“ee Heat of formation. O=A- 
“ther. a8 cae 
A: of the two alcohols. | B: of the ether. + shy Calg 

Dimethyl ether. . 50°58 + 50°58 Cal. 48'19 Cal, 4°67 Cal. 
Methylethylether . | 50°58+57'02 ,, 56°42 ,, 6°46 ,, 
Diethyl ether . .| 57°02 + 57"02 ,, 67°43 »5 TTO3 55 
Methylallyl ether . | §0°58+ 29°75 ,, | 32°05 5, | 9°36. 4; 
Diallylether . «| 29°75 + 29°75 45 | 9°85 55 7°99 
Methylphenyl ether | 50°58 + 16°63 ,, 13°32 ,, | 4°26 ., 
Dimethylene ether Ethylene glycol 4 sh te 

(Ethylene oxide) 99°15 4, ee sar 


sulphuric acid for water. Nor does the action of sulphuric acid 
upon ethylene glycol give rise to ethylene oxide, but to ethyl 
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aldehyde, the heat of formation of which is 30°65 Cal. greater 
than that of ethylene oxide; so that the process, even without 
the action of the sulphuric acid, takes place with evolution of 
heat. 

Concurring with this is the power that ethylene oxide has to 
unite directly with water to form glycol with an evolution of 
24°29 Cal., whilst the other ethers do not take up water, since 
the process would be attended by absorption of heat. 

Acetic anhydride——wWhilst the anhydrides of the mono- 
hydric alcohols are not hydrolysed by water, the corresponding 
acid anhydrides, on the other hand, are directly decomposed 
by rt gram-molecule of water to form 2 gram-molecules of the 
acid. ‘The reaction proceeds with evolution of heat, which, 
in the case of acetic anhydride, amounts to 19°80 Cal., as 
calculated for the substances in the state of vapour. 

7. Formation of esters.—The alkyl halides react, as is well 
known, with silver salts to form an ester and the silver halide. 
This reaction is employed in the formation of the esters of 
carbonic acid, and proceeds with a considerable evolution 
of heat. Thus the preparation of dimethyl carbonate and of 
diethyl carbonate from the iodides, by their action upon silver 
carbonate, takes place with an evolution of respectively 46°51 
and 45°29 Cal. 

The alkyl isocyanides (carbylamines) can be prepared in the 
same manner, and the reaction proceeds with an evolution of 
16°68 Cal. The reason that these substances cannot be formed 
by the general method used for the preparation of the majority 
of esters and halogen derivatives, as, for example, by heating 
a potassium alkyl sulphate with potassium cyanide, which, in 
the case in question, would give rise toa nitrile, must be due to 
the fact that the Aeat of formation of the nitriles ts some 14°90 Cal. 
greater than that of the isomeric tsocyanides. Owing to this 
property the isocyanide formed is gradually converted into a 
nitrile, and the conversion will be attended by the evolution 
of an additional 14°90 Cal. 

Alcohols and organic acids can undergo mutual decom- 
position with the formation of an ester and of water, but the 
conversion is only partial, since the water formed by diluting 
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the reacting substances weakens their action. On the other 
hand, if the water formed be removed by means of some 
desiccating agent, such as concentrated sulphuric acid, zinc 
chloride, calcium chloride, or similar substances, the reaction 
proceeds to an end. If we calculate the thermal effect con- 
sequent upon the reaction between the acid and alcohol in the 
state of vapour, we shall obtain a negative value; but if, on 
the other hand, the reaction is between the liquid substances, 
there will be a small evolution of heat. The part played by 
the desiccating agent can be illustrated by the following simple 
lecture experiment: anhydrous methyl alcohol and formic 
acid are mixed in equivalent proportions, when an almost 
inappreciable partial reaction occurs; if now the mixture be 
poured on to some granular calcium chloride the reaction 
proceeds with great rapidity, and, as a result of the heat 
thereby evolved, the methyl formate distils over in a state 
of almost chemical purity. 

8. Oxidation products of the alcohols.—The primary 
alcohols on oxidation give rise to aldehydes, the secondary 
alcohols to ketones; and both processes result in evolution 
of heat. The differences between the heats of formation o 
the alcohols and of the aldehydes are shown by the experi 
mental results contained in the following table :— 


Ethyl- Propyl- Isobutyl- 
Aieobol . 94... = §7°o2 “Ge'GG ‘Gi-ea tal 
Aldehyde... - 47°87 53°79 59°31 5 
Ditteremce. « . > Ors O87 O23 (oak 


The mean difference is 9'42 Cal. Now, since on oxidatio 
of an alcohol, in addition to the aldehyde, there is also forme 
a molecule of water, the heat of formation of which (in th 
state of vapour) is 57°64 Cal. per gram-molecule, the average 
thermal value on oxidation of an alcohol to an aldehyd 
will be 


(C,Ay,O : O) = 57°64 — 9°42 = 48°22 Cal. 


In a similar manner we can find the thermal effect o 
oxidation of the secondary alcohols to ketones from 
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knowledge of the heats of formation of these latter and of 
those of the alcohols, which are given in the following table :— 
Isopropyl- Dimethylethyl- 
Aleokol » % « . 68'97 Sa*ze Cal, 
Ietone Go. . «Rea Gott ,, 


Difference . . . wore tr'o2 Cal. 


The heats of oxidation are therefore somewhat lower on 
formation of the ketone than on formation of the aldehyde, 
namely— 

R764 — T1'S2 = 45°82 Cal, 


On oxidation of an aldehyde one atom of oxygen is taken 
up and an acid is formed. The thermal effect is given by 
the difference between the heats of formation of the two 
compounds ; thus for 


Acetic acid — acetic 
aldehyde 

Propionic acid — pro- 
pionic aldehyde 


\ = FOCts = 47°87 = 86°26 Cal, 


} = 10771 — 53°79 = 53°92 ss 


The average heat of oxidation therefore amounts to 55°09 Cal. ; 
and this high value explains the strong reducing action of the 
aldehydes. 

9. Decomposition of acids and their salts with 
separation of carbon dioxide and the formation of hydro- 
carbons, aldehydes, and ketones——Many acids or their salts 
are decomposed on heating with the separation of carbon 
dioxide; thus phthalic acid on heating is converted into 
benzoic acid, and this again into benzene; oxalic acid gives 
rise to formic acid, which latter splits off hydrogen. 

The thermal effect of the above-mentioned processes is equal 
to the difference between the heats of formation of the pro- 
ducts of the decomposition and of those of the acids concerned, 
and must naturally be calculated for all of the substances in 
the same state of aggregation, for otherwise the results would 
be influenced by the heats of fusion or of vaporization. Thus, 
for example, the thermal value of the splitting up of oxalic 
acid into carbon dioxide and formic acid is found to be 
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—8'49 Cal. when we subtract 200°80 Cal., which is the heat 
of formation at constant volume of solid oxalic acid, from the 
sum of the heats of formation in the gaseous state of carbon 
dioxide and formic acid (96°96 and 95°35 Cal.); but the true 
value will be found only when the heat of vaporization of 
oxalic acid is added on to the above-mentioned — 8°49 Cal., 
and then the result would undoubtedly become positive. 

(a) Formation of hydrocarbons.—When a fatty acid splits — 
up in accordance with the equation 


Cy 41H +202 = CO, + Coarse, 


there will be formed, for instance, in the cases of formic, acetic, 
and propionic acids, hydrogen, methane, and ethane respec- 
tively, in addition to carbon dioxide. ‘The thermal effect, Q, 
of such a process will therefore be equal to the difference 
between the sum of the heats of formation of carbon dioxide 
and of the hydrocarbon and of that of the acid ; these values 
are given in the table below. 


Acid Heat of formation, 4, of the 

wicks Acid. aeion dioxide, | Hydrocarbon. ¢ 
Formic acid, 95°35 Cal. 96°96 Cal. — 1°61 Cal. 
Acetic acid. . TO4°T3 55 96°96 ,, 21°17Cal.| 14°00 ,, 
Propionic acid . ite AlAs 96°96 ,, B74) sy | 16°65 ,, 


The reaction will consequently take place with evolution of 
heat. The great difference between the heats of formation 
of formic acid and of the other two acids is not accidental, 
nor due to any inaccuracy, but arises from the fact that in 
the reaction with formic acid it is hydrogen which is separated, 
but with the other two acids a hydrocarbon. Hence it follows 
that whilst the thermal effect for the last two acids must be 
approximately equal, that of formic acid will be 27 — 7 less; 
and this difference amounts to about 15 Cal., and is thus in 
agreement with the value found for Q. 

In the presence of finely divided platinum the vapour of 
formic acid is extremely easily decomposed into carbon dioxide 
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and hydrogen at the boiling-point of the acid. The other 
acids are decomposed less readily and completely on heating ; 
but the process can usually be effected by heating the sodium 
salt of the acid with sodium hydroxide, when sodium carbonate 
and a hydrocarbon are formed. The thermal value of the last 
reaction is some 1o Cal. greater than on decomposition of 
the free acid, and the reaction goes readily and proceeds to 
an end. 

(6) Formation of ketones—The fatty acids can also be 
decomposed to ketones, water, and carbon dioxide. Provided 
the decomposition of the acids, in the state of vapour, were 
to take place spontaneously, the process would be repre- 
sented by 

2C,H,0, = CO, + H,O + C;H,O, 
which corresponds to a thermal effect 


(C, 0) + (Hy 0) + (Cy Hy 0) — 2(Cy Hy 0.) = O 
96°96 + 57°64 + 57°26 — 2X 10413 = 3'60 Cal. 


The thermal value of the corresponding decomposition of 
propionic acid is 8°58 Cal. ‘The process is not, however, 
carried out with the acids themselves, but by heating their 
sodium or calcium salts, and by this means the thermal effect 
is still further augmented. 

(c) The formation of aldehydes takes place on heating the 
sodium salt of an acid with sodium formate, whereby sodium 
carbonate and the aldehyde are formed. If the process is 
carried out with the free acid in the state of vapour, it will 
be expressed by the equation 


CH,.COOH + H.COOH = CO, + H,0 + C,H,0, 
and will be attended by the following thermal effect :— 
(C; O.) + [ 72, O|+(C,, ft, O)—(C, fh, Os) — (C2, fl, O2) = Q 
96°96 + 57°64 + 47°87 — 95°35 — 104°13 = 2°99 Cal. 
A similar decomposition of propionic acid will produce a 
thermal effect of 5°27 Cal. The process therefore proceeds 


with evolution of heat, but, as mentioned above, it is brought 
about by means of the sodium salt, and in this manner the 
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reaction takes place readily and with a somewhat greater 
evolution of heat. 


The preceding examples, which might easily be multiplied 
in number, serve to illustrate the reactions in which organic 
compounds are formed or transformed. In every case when 
the reaction is attended by an evolution of heat, it is an indi- 
cation of the saturation of the strongest affinities. The relation 
is the same as that which I have shown to exist in the reactions 
between inorganic substances (pp. 330 to 363), namely, that 
chemical reactions are based upon the tendency of the atoms 
to attain a state of more stable equilibrium, a tendency which 
can be satisfied when the conditions mentioned on p. 333 are 
fulfilled. ‘The reaction can then take place, and will proceed 
with a liberation of energy, which usually manifests itself in 
the form of heat. 
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Double decomposition, Guldberg’ 
theory of, 150 
—— —, thermal effect, 114, 118, 12 
—— salts, heats of formation, 327 
Dynamics of chemical reactions, 33 
et seg., 460 et seq. 
—— — halide formation, 343 e¢ seg. 
—— — hydride formation, 335 ef seq. 


443 
See Ethylene 


INDEX 


E 


Energy relations, 323 

Erbium acetate, heat of reaction with 
alkalies, 117 

— — solution, 51 

hydroxide, heat of neutralization, 
122 

Esters, constitution, 407, 455 

, heats of combustion and forma- 
tion, 374, 407 

——.,, preparation of, 469 

Ethane, heat of combustion, 200, 369, 


379) 392, 394, 441 
— formation, 245, 255, 


369, 397, 399: 44 

Ethers, constitution, 415, 453 

—, heats of combustion and forma- 
tion, 970, As 

, preparation of, 468 

Ethyl acetate, constitution, 409 . 

—— ——,, heats of combustion and 
formation, 374, 497, 443 

—— ——,, preparation of, 409 

alcohol, heat of combustion, 372, 
394, 442 

—— —, — — formation, 372, 
400, 442, 467 

Ethylamine, constitution, 426 

——,, heat of combustion, 376, 444 

——, —— — formation, 376, 425, 430, 


436, 444 wae 
» —— — neutralization, 116, 121, 
127 
Ethyl bromide, heat of combustion, 
379, 440 : 
— —, — — formation, 370, 
414, 442 


chloride, heat of combustion, 
379, 394, 442 ; 

—— —,, —— — formation, 376, 411, 
412, 414, 415, 432, 436, 442 

disulphide, heat of formation, 436 

Ethylene, heat of combustion, 200, 
369, 392, 440 

——, —— — formation, 239, 245, 255; 
369; 397, 399 441 ; 

chloride, heat of combustion, 370, 
380, 440 

— —, — — formation, 
412, 442 

glycol, constitution, 407 

— —, heats of combustion and 
formation, 372, 400, 443 

— oxide, constitution, 416, 453 

—— —, heat of combustion, 371, 
442 ; 

—_— ——, —— — formation, 
416, 442, 468 

Ethyl formate, heat of combustion, 
374) 443 


TiC. 


379; 


37% 


481 


Ethyl formate, heat of formation, 374, 
407, 448 

—— hydride, 379 

—— hydrosulphide, heats of combus- 
tion and formation, 375 

Ethylidene chloride, heat of combus- 
tion, 370, 380, 442 

— —, — — formation, 370, 
412, 442 

—— iodide, heats of combustion and 
formation, 370, 414, 442 

Ethyl mercaptan, heats of combustion 
and formation, 436, 443 

Ethylmethyl ether, heat of combus- 
tion, 394 

—— ——, —— — formation, 415 

Ethyl nitrate, constitution, 435 

—— ——, heat of combustion, 
377) 443) 444 2 

—— ——, —— — formation, 374, 377, 
435) 443 eG! 

-—— nitrite, constitution, 435 

—— ——, heats of combustion and 
formation, 377, 435, 444 

Ethylsulphuric acid, heat of neutrali- 
zation, 95, 97, 123, 125 

Experimental methods, 13 e¢ seg., 111, 
140, 157, 364 


3745 


i 


Ferric chloride, heat of formation, 
417 

— ——, —— — reaction with alka- 
lies, 117 

— ——, —— — solution, 51, 58, 
264, 317 

— hydroxide, heat of formation, 
265, 266, 321 

—_ —, — neutralization, 121, 
122, I23, 130 

—— sulphate, heat of formation, 325 

— ~—, — — reaction with 
barium salts, 119 

Ferrous bromide, heat of formation, 
18 

ae chloride, heat of formation, 263, 
264, 31 

ae 7 __ — hydration, 62 

— ——, —— — reaction with sul- 
phuric acid, 118, 144 

— solution, 51, 


317 


264, 


hydroxide, heat of formation, 

265, 266, 321 

——, —— —neutralization, 120, 
122, 129 

—_ — ., — solution, 138 

—— iodide, heat of solution, 319 

—— nitrate, heat of solution, 310, 325 


2 I 


482 


Ferrous nitrate, heat of reaction with 
sulphuretted hydrogen, 310, 328 
—— sulphate, density and molecular 

heat of solutions, 164 
—— — , heat of formation, 324, 325 


— ——_,, —— — reaction with acids, 
118, 144 

— —, — — —- — alkalies, 
117 

— —, —— — solution, 51, 324 

— sulphide, heat of formation, 309, 
310, 322 

Formic acid, heat of combustion, 373, 
443 


— —, —— — dilution, 8r 

— —, — — formation, 373, 
492, 443, 472 aie 

— —., —— — oxidation, 301 

——, —— — solution, 47, 81 

Formula for calculating degree of de- 
composition, 150 

—— — —— heats of combustion, 10, 
365, 384 e¢ seg. 


—— — — —— — formation, 10, 
365, 396 et seq 

— — —— —— — solution ofacids, 
Faste GUA) tee) (spi 

— — — —— — — — salts, gt 


——— — —— influence of temperature 
on heat of dilution, 179 
neutralization, 170 

Formulze and symbols, 4, 244 


G 


Gold, allotropic modifications, 292 

——, preparation and properties of 
compounds, 285 

Guldberg’s theory of double decom- 
position, 150 


H 


Halogen acids, heats of oxidation, 208 

—— compounds, constitution, 410 

—— ——, decomposition by means of 
alkalies, 464 

——— ——,, heats of combustion, 370 


——, —— — formation, 317 ¢¢ 
S€g-, 370, 410 
——, reduction by means of hy- 
drogen, " 463 
Halogens, affinity of, 191, 207, 343, 
414, 456 


Heat of absorption. See Heat of solu- 
tion 

— combustion, dependence upon 

molecular constitution, 384 ef seg., 


445 et Seg. 


INDEX 


Heat of dilution, influence of tempera 
ture upon, 176 

—— — formation, dependence upon 
bonds between atoms, 396 ef seg., 
446 ef seg. 

—— — — of the C.N group, 423, 


429 

————-—-—C'N group, 423, 
429 

— ——- — — CEN group, 422, 
429 

— — — —— C:0 group, 404, 
408, 454 

— —— —— COC group, 416, 
453 

— — —— —COH group, 400, 
403, 408, 454 


—— — — — — COOH group, 
495 - 
— — hydration, dependence upo 
molecular weights, 362 
—— — ——,, distribution between in- 
dividual molecules of water, 67 e 
Seq. 
—— — —— increased by latent hea’ 
of water molecules, 61, 71 
— — neutralization, influence o 
temperature upon, 167 ef seg. 
—— — solution, dependence on mol 
cular weights, 362 
——, influence 


upon, 73; 


of dilution 


upon, 173 
Heats of combustion of homologous 

compounds, 380, 44) 
—— — — — isomeric chlorides 


10, 364 ef seg., 439 
—_ — condensation, 53 
— — dilution of acids and alkalies 

75 
— — — — salt-solutions, 85 ¢ 

Seq. 

—— — dissociation of molecules in 

atoms, 418, 457 
— — formation of isomers, 380, 

404, 413, 425, 447, 452 
—— — —— — metals, 257 e¢ seg. 
— — —— — non-metals, 186 e7¢ seg. 
— — —— — organic compounds, 

364 e¢ seg. 

— — fusion, 54 
—_—— hydration of salts, 61 e¢ seg. 
—  — hydrolysis of chlorides of th 

non-metals, 235, 243 
— — neutralization of acids, 93 ¢ 

Seq. 

— — — — — with formatio 

of barium salts, 96 


INDEX 


Heats of neutralization of acids, with 
formation of sodium salts, 95, 97 

— bases, 111 e¢ seg. 

—— —- oxidation of halogen acids, 208 

— metals, 341 

—non-metals, 342 

—— — reaction of chlorides with sul- 
phuric acid, 118 

— sulphates with barium 

hydroxide, 117 

— —. — — — barium salts, 

118 

— — — -— — hydrochloric 

acid, 118 

— — — — — potassium 

hydroxide, 117 

— sulphuric acid with 
barium salts, 116 

—. — ——. — ——. ——- — lead salts, 
116 

—— — solution, 44 e¢ seg., 75 e¢ sey., 
137 


—_——_ — 


_——— — 


of allied salts, constant 
differences between, 56 

— — — — — — and atomic 
weights of constituent elements, 56 

— acids and alkalies, 75 

— — — — anhydrous salts, 54 

—— — — — gases, liquids, and 
solids, 46 e¢ seg. 

—— — —— — compounds of metals, 


46, 54 
———— -—— — ——. — pon-metals, 


48, 53 


— hydrated salts, 56, 63 

—— — vaporization, 53 

Hydracids, heats of reaction with 
anhydrous oxides, 322 

——, reducing action of, 338 

Hydrated salts, preparation of, 45, 63 

Hydride formation, dynamics of, 335 
et seq. 

Hydriodic acid, heat of dilution, 79 

—— — formation, 189, 

196, 208, 245, 248, 414 

‘ — neutralization, 95, 

97; 120, 130, 133, 248, 322 

, —— — solution, 46, 79, 
TOI, 248 

—— ——,, relative avidity, 153 

Hydrobromic acid, heat of dilution, 


79 


—_— 


—— 


, —— — formation, 189, 

208, 245, 247, 414 

, —— — neutralization, 95, 

97, 120, 130, 133, 247, 322 

, —— -— solution, 46, 79, 

191, 248 

, relative avidity, 152 

Hydrocarbons, action of the halogens 
upon, 401 


483 


H i ia bonds between atoms, 
39 

—, heat of combustion, 
392) 447 : 

——, —— —formation, 199, 369, 396, 
399; 452, 472 

Hydrochloric acid and its salts, con- 
stitution of, 69, 81 

—— ——,, density of solutions, 161 

——— 7 Heat of dilutions 7o, 278 

ao -— formation, 189, 
196, 208, 245, 246, 351, 414 

: — neutralization, 95, 

97; 103, 115, 116, 120, 121, 125, 127, 

129, 130, 133, 136, 168, 171, 246, 

322 


369, 384, 


»—— — solution, 46, 79, 

175, 191, 246 

, molecular heat of solu- 
tions, 161, 166 

—— ——, relative avidity, 153 

—— —, solution of metals in, 351 

Hydrocyanic acid, constitution, 423 

—— ——, heat of combustion, 376, 
444 

—— —, —— — formation; 242, 
252, 376, 423,430, 440 

, —— — neutralization, 95, 

252, 322 

; -— solution, 252 

, relative avidity, 153 

Hydrofluoric acid, basicity, 107 

—— ——, heat of neutralization, 95, 
97, 107 

—— ——, relative avidity, 153 

Hydrogen, affinity for non-metals, 
I9I, 200, 336, 420, 456 

——, heat of combustion, 193 

auribromide, heat of formation, 

319, 320, 327 

, ——— solution, 52, 296, 
319, 317 . 

—— -——, preparation and proper- 
ties, 288 

—  aurichloride, heat of formation, 

317) 320; 327 

, —— — solution, 52, 296, 

317, 327 F 

, preparation and proper- 
ties, 289 

— mercuric halides, heats of forma- 
tion, 320 

metallo-halides, heats of forma- 
tion, 320, 348 

— —,, —— — neutralization, 348 

— molecule, heat of combustion, 
399 ; 

—— palladochloride, heat of forma- 
tion, 305, 320 

—— peroxide, 
194, 245 


heat of formation, 


484 


Hydrogen platinibromide, heat of for- 
mation, 320 


INDEX 


—— platinichloride, heat of forma- | 


tion, 320 

— ——, —— — neutralization, 96, | 
298 

—— platinobromide, heat of forma- 
tion, 320 


—— platinochloride, heat of forma- 
tion, 320 

, —— — neutralization, 96 

—— ——,, preparation and proper- 


ties, 297 
stannichloride, heat of formation, 
320 
——. stannochloride, heat of forma- 
tion, 320 


—— sulphide, basicity of, 102 
——-——, heat of combustion, 375, 
443 


; — formation, 194, 

245, 249, 322, 375, 435, 443. 

; — neutralization, 95, 
97, 103, 122, 125, 126, 307, 322 

——$_ —=———, — — solution, 46, 195, 


249 

Hydrosilicifluoric acid, basicity of, 
107 

—_— ——, heat of formation, 107 

— ——, —— — neutralization, 96, 
107 

Hydrotitanifluoric acid, heat of for- 
mation, 107 

Hydrostannifluoric acid, heat of for- 
mation, 107 

Hydroxides, heats of formation, 321 

Hydroxylamine, heat of formation, 
197, 25% 

——, —— — neutralization, 116, r2r, 
127, 198, 251 

Hydroxylammonium chloride, heat of 
formation, 251 

—— —, — — solution, 48, 251 

— sulphate, heat of reaction with 
alkalies, 117 


—, — solution, 48, 251 

Hypobromous acid, heat of formation, 
204, 247 

Hypochlorous acid, basicity of, 102 

, heat of formation, 201, 204, 


247 

— ——, —— — neutralization, 95, 
102, 247 

Hypophosphorous acid, heat of for- 
mation, 223, 253 

— —, — — fusion, 54, 223 

— —, —— — neutralization, 95, 
97, 100, 253 

——, —— — solution, 47, 54, 

hg ii 253 


, molecular volume, 222 


Sr | 


Inertia, law of, 331 
lodic acid, constitution, 209 
—— ——, heatof formation, 205, 208, 


248 

——-——,; — — neutralization, 95, 
97, 248 

———, —— — solution, 47, 205) 
248 


—— ——, molecular volume of solu- 

tions, 207 
anhydride, heat of formation, 
228, 246 


, hydration, 205, 


248 

— —, — — solution, 47, 
205 

lodides, heats of formation and solu- 
tion, 31 

Iodine molecule, heat of dissociation, 
421, 458 

ee tesa heat of formation, 
234, 246, 24 

— HB ts heat of formation, 
234, 246, 249 


Isoamyl alcohol, heats of combustion 
and formation, 372, 400, 442 

Isoamylene, heat of combustion, 369, 
441 

— —— — formation, 369, 397, 


Zoahitsl Tontiel: heats of combustio 
and formation, 372, 400, 442 
Isobutylamine, constitution, 431 
——., heats of combustion and forma- 
tion, 376, 430, 444 

Isobutyl chloride, heat of combustion, 
370, 442 : 

— —, — — formation, 370, 
41I, 412, 442 

Isobutylene, heat of combustion, 3 
392, 441 ' 

—, —— — formation, 369, 397; 
399, 441 

| Isobutyl formate, heats of combustio' 
and formation, 374, 407 

—- nitrate, heats of combustion an 
formation, 377 

Isobutyric aldehyde, heats of co’ 
bustion and formation, 373, 402 

Isocyanides, preparation of alkyl 


409 
Isomers, heats of formation, 380, 
413, 425, 447, 452 ’ 
Isopropyl alcohol, heat of combustio 
372, 442 : 
— —, — — formation, 372, 
400, 442, 467 
Isosulphocyanides, heats of combus: 
tion and formation, 375 


INDEX 


K 


Ketones, constitution, 402, 454 

——,, heats of combustion, 373, 443 

i — formation, 373, 402, 
443» 454; 473 


iF 


Lanthanum hydroxide, heat of neu- 
tralization, 121, 130 

—— sulphate, heat of reaction with 
alkalies, 117 

—_ —, —— — — — barium 
salts, 119 

—— ——, —— — solution, 50 

Latent heat of water, influence on 
heat of hydration, 71 

Laws of thermochemistry, 7 

Lead acetate, heat of reaction with 
acids, 116, 118 


—y) — solution, 52 
bromide, heat of formation, 273, 
318 
— —, — solution, 52, 57, 


59, 133, 136, 137, 273, 318, 363 

—— carbonate, heat of decomposi- 
tion, 358 

— —, — — formation, 306, 
326 

— chloride, heat of formation, 273, 
317 


—— — solution, 52, 57, 

59. 133. 136, 137, 273 317, 303 

dithionate, heats of formation 
and solution, 52, 326 

—— iodide, heat of formation, 253, 


319 


,— — solution, 57, 133, 

137, 319 

nitrate, density and molecular 
heat of solutions, 164 

—— ——,, heat of decomposition, 359 

—— ——,, —— — dilution, 86 

— —, —— — formation, 
310, 324, 325 


alkalies, 118 


132, 


— reaction with 


— — , —- — — — hydracids, 
310, 323, 328 
— —, —- — — — sodium 
sulphate, 119g 
—_— —_,, —_ - sulphuric 
acid, 116 
——, heat of solution, 52, 86 
132, 324 
— oxide, heat of formation, 273, 
321 
——, —— — neutralization, 116, 


120, 122, 132, 136, 322 


| 
\ 
| 


485 


Lead sulphate, heat of formation, 323 

snipide, heat of formation, 309, 

Lithium bromide, heats of formation 
and solution, 318, 363 

—— chloride, heat of formation, 317 

— — , — solution, 49, 56, 
317, 363 ; 

—— hydrosulphide, heat of forma- 
tion, 322 

hydroxide, heat of formation, 

258, 321 

»—— — heutralization, x15, 

120, 125 

iodide, heats of formation and 
solution, 319, 363 

—— nitrate, heats of formation and 
solution, 49, 324, 325 

—— sulphate, heat of formation, 323, 
325 

—— ——, —— — hydration, 62 
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— sulphide, heat of formation, 322 


M 


Magnesium bromide, heat of forma- 
tion, 318 

—— chloride, heat of dilution, 87 

a OR Matons 2oOneiiy 


| ————,, —— — hydration, 62, 70, 


362 
— ——, — — reaction with sul- 
phuric acid, 118, 144 
— solution, 50, 57, 
58, 65, 87, 317, 362 
dithionate, heats of formation 
and solution, 50, 326 


| —— hydrosulphide, heat of forma- 


tion, 322 
—— hydroxide, heat of formation, 
260, 321 


— neutralization, 120, 
122, 123, 125, 129, 130, 267 

—- —, — solution, 50, 138, 
362 

—— iodide, heat of formation, 319 

— nitrate, heat of dilution, 86 

, —— — formation, 324, 325 

— —, — — solution, 50, 86, 
324 ; 

— oxide, heat of hydration, 361 

—— sulphate, density of solutions, 

+ 164 

—— ——,, heat of dilution, 86 

——-— +, —_ 10rd tion, 925) 925 

; hydration, 62, 66, 


7O 


| ————, —— — reaction with acids, 


118, 144, 148 


486 

Magnesium sulphate, heat of re- 
action with alkalies, 117 

—_— — _—— —_ — barium 


_ alts, 118, 119 
—— — solution, 50, 66, 


~ 86, 137, 174, 323 ; 
, molecular heat of solutions, 


— 


"OA, 2 
Maintenance of the status guo, 203, 


321 
Malic acid, heat of neutralization, 96, 


98 

Manganic hydroxide, heat of forma- 
tion, 263, 321 

Manganous bromide, heat of forma- 
tion, 318 

— carbonate, heat of formation, 
306, 326 

—— chloride, heat of formation, 263, 
265, 317 

—— ==, sw et hydration, Ga 

—— — reaction with sul- 

- plans acid, 118, 144 

, ——— solution, 51, 317 

— dithionate, heats of formation 
and solution, 51, 326 

— hydroxide, heat of formation, 
263, 265, 321 

— —, —— — neutralization, 120, 
122, 129 

— —, —— — solution, 138 

—— iodide, heat of formation, 319 

—— nitrate, heat of dilution, 86 

i (alee ee | — — formation, 310, 324, 
325 


—— — reaction with sul- 
phuretted hydrogen, 310, 328 
— —, — — solution, 51, 86, 


324 
—— sulphate, heat of dilution, 86 
— —, —— — formation, 324, 325 
— —, —— — hydration, 62, 66, 


70, 86 

— ,—— — reaction with acids, 
118, 144 

—_— — , —— — — — alkalies, 
117 

—_ —, — — — — barium 
salts, 118 

— —, — — solution, 51, 66, 
324 

— sulphide, heat of formation, 309, 
310, 322 

‘Maximum work,” theory of, 334 

Mercaptans, heats of combustion, 
Shs) 


——, —— — formation, 375, 436 

Mercuric bromide, heat of formation, 
281, 318 

— chloride, heat of formation, 280, 
317 


INDEX 


Mercuric chloride, heat of solution, 
52, 279, 317 ; 
—— cyanide, heat of formation, 313, 
320 
—- ——, —— — solution, 279, 320 
— iodide, heat of formation, 280, 
319 
—— nitrate, heat of decomposition 
by hydrochloric acid, 133 
—— ——, —— — formation, 325 
— —, —- _ — reaction with 
hydracids, 323, 328 
— oxide, heat of formation, 283, 
321 
—_— —, — neutralization, 120, 
122, 139,262, 322 
—— sulphide, heat of formation, 309, 


322 

Mercurous halides, heats of formation, 
280, 317 ef Seg. 

—— nitrate, heat of formation, 325 

— —, — — reaction with 

hydracids, 323 

—— oxide, heat of formation, 281, 
321 


,— — neutralization, 120, 
133, 282, 322 

Mercury, preparation of pure, 278 

Mesitylene, heats of combustion and 
formation, 369, 395, 441 

Metals, conditions for solution in 
acids, 351 ef seg. 

——, precipitation from solution b 
other metals, 356 

Metaphosphoric acid, conversion int 
orthophosphoric acid, IOI 

— —, heat of neutralization, 9 
97, IOr 

Methane, heat of combustion, 2co, 
369, 379, 392, 441 

—, — — formation, 239, 24 
255, 369, 397; 399. 417, 441 

Methyl acetate, heats of combustio 
and formation, 374, 403, 443 

Methylal, constitution, 417 

— , heats of pate and fo 
tion, 371, 416, 44 

Methyl alcohol, beats of combustio 
and formation, 372, 400, 442 

Methylallyl ether, heat of com 
bustion, 371, 442 

— ~—, — — formation, 37 
. 416, 442, 468 

Methylamine, constitution, 426 

——, heat of combustion, 376 

——, —— — formation, 376, 425, 430 
sll 444 


— neutralization, 116, 121, 
127, 428, 


| 444 
| Methyl bromide, heats of combustio 
| and formation, 370, 414, 442 


INDEX 


Methyl chloride, heat of combustion, 
379, 442 ; 

= a LOrmatian, 370, ArT, 
412, 414, 415, 432, 436, 442 

Methylethyl ether, constitution, 417 

= ——; heat of combustion, 3772, 
442 


, ——~— formation, 371, 416, 
442, 468 

Methyl formate, heats of combustion 
and formation, 374, 407, 443 

—— hydrosulphide, heats of com- 
bustion and formation, 375 

—— iodide, heats of combustion and 
formation, 370, 414, 442 

-—— isobutyrate, heats of combustion 
and formation, 374, 407, 443 

—— isosulphocyanide, heats of com- 
bustion and formation, 375, 436, 


443 
Methyl mercaptan, heats of combus- 
tion and formation, 436, 443 
—— orthoformate, constitution, 417 
—— ——, heats of combustion and 
formation, 371, 416, 444 
Methylphenyl ether. See Anisol 
Methylpropargyl ether, heats of com- 
bustion and formation, 371, 416, 
442 
Methyl propionate, heats of combus- 
tion and formation, 374, 407, 443 
Methylpropyl ketone, heats of com- 
bustion and formation, 373, 402, 443 
Methylquinine hydroxide, heat of 
neutralization, 116, 121, 126, 127 
—— sulphocyanide, heats of combus- 
tion and formation, 375, 436, 443 
Molecular heats of solutions, 161 e¢ seg. 
—— volumes of solutions, 161 ef seq. 
weights, dependence of thermal 
effect upon, 360 e¢ seg. 
Monochloracetic acid, heat of neu- 
tralization, 95 
—, relative avidity, 153 
Monochlorethylene, heats of combus- 
tion, 370, 380, 442 
——, —— — formation, 370, 412, 442 
— chloride, heats of combustion 
and formation, 370, 412, 442 
Monochlorpropylene, heats of com- 
bustion and formation, 370, 412, 442 


N 


Nickelic hydroxide, heat of formation, 
266, 321 

Nickelous bromide, heat of formation, 
318 

chloride, heat of dilution, 87 


—— —, —— — formation, 263, 317 | 


487 


Nickelous chloride, heat of hydration, 
62 

—, —— — reaction with sul- 

phuric acid, 118, 144. 

——, —— — solution, 51, 87, 317 

—— dithionate, heats of formation 
and solution, 51, 326 

—— hydroxide, heat of formation, 
266, 321 

, —— — neutralization, 120, 

122, 129 


, —— — solution, 138 

—— iodide, heat of formation, 319 

-—— nitrate, heat of formation, 310, 
324) 325 


, —— — reaction with sul- 

phuretted hydrogen, 310, 328 

, —— — solution, 51, 324 

——sulphate, heat of formation, 324, 
325 ee, 

—_— ——, — — reaction with acids, 


—_ 


— —,, — — — _ —- alkalies, 
117 

— —, —— solution, 51, 324 

—— sulphide, heat of formation, 309, 
322 

Nitrates, constitution of, 434 

, heats of combustion, 377 

an — formation, 324, 325, 
377) 432 : : 

Nitric acid, density of solutions, 16r 

—— ——, heat of dilution, 77 

, —— formation, 218, 220, 


252 

, —— — neutralization, 95, 

97, I15, 116, 120, 125, 132, 133, 136, 

252 

——, —— — solution, 47, 77, 

252 

——, molecular heat of solutions, 
161, 166 

—— ——, relative avidity, 153 

—— -——, solution of metals in, 355 

—— oxide, heat of formation, 220, 
246, 252, 421 

—— peroxide, heat of formation, 220, 
246, 252, 420 

— ——, —— — solution, 46 


tetroxide, heat of dissociation, 
220, 457 


, — — formation, 218, 

246, 251, 420 

eee res — solution, 46, 218, 
252 

Nitriles, constitution, 422 ef seg. 

——, heats of combustion and forma- 
tion, 376, 422 

Nitrites, constitution, 434 

——, heats of combustion and forma- 


tion, 377; 432 


“488 


Nitro-compounds, 
458 td 

——,, heats of combustion, 377, 444 

——, —— — formation, 377, 432, 435, 


constitution, 432, 


444 

Nitrogen, affinity for non-metals, 221, 
420, 458 

— molecule, heat of dissociation, 
419, 458 

Nitrous acid, heat of formation, 219, 
252 

Se oxide, heat of formation, 218, 
246, 251 


O 
Olefines, heats of combustion and for- 
mation, 452 
Organic acids, constitution, 402, 454 
—— ——, heats of combustion, 373 
—— ——, —— — decomposition, 471 
———, —-  — formation, 373, 
402 


gies acid, heat of formation, 232, 

25 

ae lin, aye 

—— ——, —— — neutralization, 96, 
97, 98, 109 

— —, — — solution, 48, 233, 
256 

——, relative avidity, 153 

Oxidation constants, 247, 248 

products of the alcohols, 470 

Oxides, affinity for water, 361 

, dynamics of decomposition, 356 

——, —— — formation, 340 

, heats of formation, 321 

Oxygen, affinity for metals, 341, 349, 
356 

} — non-metals, 207, 217, 

221, 228, 230 

atom, influence on heat of for- 
mation of molecules, 453 

— molecule, heat of dissociation, 


421, 458 


1 


Palladic hydroxide, heats of formation 
and neutralization, 304, 321 

Palladous hydroxide, heat of forma- 
tion, 304, 321 

— —,, — — neutralization, 305 

— iodide, heat of formation, 303, 


Pearce, heats of combustion and 
formation, 369 

Partial decomposition and heats of 
neutralization, 143 


INDEX 


Partial decomposition, influence of 
temperature and of dilution upon, 


179 ; 

—— — of sodium salts, 142 

—— —, thermal effect, 117, 140 e 
SCY. 


Pentathionic acid, heat of formation, 
213 

Perchlorethylene. See Tetrachlore- 
thane 

Perchloric acid, heat of neutralization, 


95 
Perchlormethane, heats of combus- 
tion and formation, 442 
Periodic acid, basicity of, 103 
—— ——, heat of formation, 205, 248 
—- — neutralization, 96, 


98, 103, 248 

— —-, —— — solution, 47, 206, 
248 

—— ——, molecular volume of solu- 
tions, 206 

—— —, salts of, 103 


Permanganic acid, heat of formation, 


263 
Phenyl alcohol, heat of combustion, 


372, 394, 443 ; 
— ——, —— — formation, 372, 400, 


443 
Phenylamine, heat of formation, 430 
Phenyl chloride, heat of combustion, 


379, 394; 441 : 
: formation, 370, 


415, 441 
Phenylmethy] ether, heat of combus- 
tion, 394 
—— —, —— — formation, 415 
Phenyl radical, value of bonds, 394 
Phosphoric acid, heat of dilution, 79 
— ——, —— — formation, 223, 253, 
321 
— —, — — fusion, 54, 79, 223 
a neutralization, 96, 
99, 100, I02, 109, 131, 253 
,—— — solution, 47, 54,79, 
223, 253 
—— —., molecular volume, 222 
—— —, relative avidity, 153 
Phosphorous acid, basicity of, 102 


—— —, heat of formation, 223, 253, 
321 
— —, — — fusion, 54, 223 


— ——, —— — neutralization, 96, 
98, 100, 102, 123, 253 

— —, — — solution, 47, 54, 
223, 253 

—— ——,, molecular volume, 222 

Phosphorus acids, general properties, 
222 

——, densities and specific heats of — 
allotropic modifications, 231 


INDEX 


Phosphorus oxychloride, heats of for- 
mation and hydrolysis, 47, 235, 
253 

pentachloride, heat of forma- 
tion, 235, 246, 253 

— —,— — hydrolysis, 47, 235, 
253, 344 | : 

pentoxide, heat of formation, 
225, 228, 253 

—— —, —— — solution, 47, 225 

trichloride, heat of formation, 

235, 246, 253 : 

, —— — hydrolysis, 47, 58, 
235, 253, 344 

Piperidine, constitution, 431, 459 

—., heat of combustion, 376, 444 

* — formation, 376, 430, 431, 


444 

Platinodiammonium hydroxide, heat 
of neutralization, 116, 121, 125 

Platinous hydroxide, heat of forma- 
tion, 302, 321 

——- ——,, preparation and properties, 
297 

Platinum, preparation of compounds 
of, 296 

Potassium acetate, heats of dilution 
and solution, 49, 87 

— aluminium sulphate, heat of re- 
action with alkalies, 117 

—_ —— — ,, —— -— solution, 50 

— bichromate, heat of formation, 


328 

— —, —-— solution, 49, 51, 
328 

—— bromate, heat of decomposition, 
209, 248 

— ——, —— — formation, 328 

— —_, —- — solution, 48, 248, 
328 


—— bromide, density and molecular 
heat of solutions, 164 

—— ——, heat of dilution, 88 

— ——, —— — formation, 279, 318 


——_—_———, —— — solution, 48, 56, 
318 

—— cadmium cyanide, heat of forma- 
tion, 320 


— carbonate, heat of dilution, 88 

— —, —— formation, 311, 320, 
326 

——, —— — hydration, 62, 66, 


i 


——, —— — solution, 48, 66, 88 

chlorate, heat of decomposition, 
209 

— —., heats of formation and 
solution, 48, 247, 328 

— chloride, density and molecular 
heat of solutions, 162 


—— —, heat of formation, 279, 317 | 


489 


Potassium chloride, heat of reaction 
with sulphuric acid, 118, 144 
, —— — solution, 48, 56, 


Br7 
—— chrome alum, 
with alkalies, 117 
——, —- — solution, 51 
—— copper sulphate, heat of forma- 


heat of reaction 


tion, 327 
—, ——— hydration, 62, 
65, 69 
— ——, —— solution, 52, 
65, 327 


——, preparation of, 69 

—— cyanide, heat of dilution, 88 

—— ——, —— — solution of, 48, 320 

—— dithionate, heat of formation, 
250, 326, 328 

, —— — solution, 49, 259, 
326, 328 

—— hydrogen sulphate, heat of dilu- 
tion, 88, 90 

—_— ———_ —, — — formation, 


— —— —,, —— — solution, 48, 
88, 90, 328 

—— hydrosulphide, heat of formation, 

22 

3 hydroxide, density and molecular 
heat of solutions, 162, 166 

——— ——, heat of dilution, 83 

——_ ——, ——— formation, 258, 279, 
321 


, —— — neutralization, 11s, 
120, 122, 125 
, —— — solution, 48, 83, 


259 : : 
—— hypochlorite, heat of formation, 
328 


iodate, heat of decomposition, 
209 

—— ——, —— — formation, 248, 328 

— ——, —— -— solution, 48, 248, 
328 

— iodide, density and molecular 
heat of solutions, 164. 

—— ——.,, heat of formation, 279, 319 

—- ——, —— — solution, 48, 56, 
319 

—— iron alum, heat of reaction with 
alkalies, 117 

magnesium sulphate, heat of 

formation, 327 

—— ——, —— — hydration, 62, 
65, 69 

— ——_ —, —— — solution, 50, 
68, 32 

zs Suiountis sulphate, heat of 

formation, 327 


|; ——. —— ——,, ——- — hydration, 62, 


65, 69 


490 


Potassium manganous sulphate, heat 
of solution, 51, 65, 327 

—— mercuric bromide, heats of for- 
mation and solution, 52, 318, 327 

—— mercuric chloride, heats of for- 
mation and solution, 52, 317, 327 

—— —— cyanide, heat of formation, 
320 


iodide, heat of formation, 

Rivka 319; 327 

—, — — solution, 52, 
319, 327 R 

—— nitrate, density and molecular 
heat of solutions, 163 

—— —, heat of formation, 324, 325 

ao pon —— — solution, 48, 56, 
275) 

— er didilenis: heats of forma- 
tion and solution, 52, 303, 317 

—- palladochloride, heats of forma- 
tion and solution, 52, 303, 317 

—— permanganate, heat of forma- 
tion, 264, 328 


— solution, 49, ST, 328 

— platinibromide, heat of‘ forma- 
tion, 300, 319 

— —, — solution, 52, 56, 
299) 319 

—— platinichloride, heat of forma- 
tion, 318 

— —, — — solution, 52, 56, 
299, 318 

platinobromide, heat of forma- 
tion, 300, 319 

— ——, ——— solution, 52, 299, 319 

—— ——,, preparation and properties, 
298 

—— platinochloride, heat of forma- 
tion, 300, 317 


— —, — solution, 52, 229, 
317 : 

—— ——, preparation and properties, 
296 

—— silver cyanide, heat of formation, 
320 


—— stannichloride, heats of formation 
and solution, 52, 317, 327 

— stannochloride, heats of forma- 
tion and solution, 52, 317, 327 

—— sulphate, density and molecular 
heat of solutions, 164 

—— — , heat of formation, 323, 325 

— — , — — reaction with acids, 
118, 144, 148 

— — , —- — — — alkalies, 


— —,, — — — — barium 
salts, 118, 119 

— —, — — solution, 48, 56, 
275) 325, E 

—— sulphide, heat of formation, 322 


ve ND FE r4 


Potassium tetrathionate, heats of ir 
mation and solution, 49, 328 
—— trithionate, heats of formation 
and solution, 49, 328 
—— zinc cyanide, heat of formation, 
320 
—— —— sulphate, heat of formation, 


327 

— —— —,, —— — hydration, 62, 
65, 69 

— — —, — — solution, 51, 
65, 327 


Propane, heat of combustion, 369, 


379; 392, 44r 
——, —— — formation, 369, 397, 399, 


441 
Propargyl alcohol, constitution, gor 
——- ——, heats of combustion and 
formation, 372, 400, 443 
Propionic acid, heat of combustion, 
373) 443 
—— ——, ——— formation, 373, 402, 
443, 472 
—— ——, —— — neutralization, oe 
— aldehyde, heats of combustion 
and formation, 373, 402, 443 
Propionitrile, heat of combustion, 376, 


444 , 
——, —— — formation, 376, 423, 430, 


444 

Propyl alcohol, constitution, gor 

—— —, heat of combustion, 372, 
442 

—— ——,——— formation, 372, 400, 
442, 467 

Propylamine, heat of combustion, 376, 
444 ; 

—, — — formation, 376, 425, 
430, 444 | P 

Propyl bromide, heats of combustion 
and formation, 370, 414, 442 

—— chloride, heat of combustion 
379, 442 ‘ 

—— ——, —— — formation, 370, 411, 
412, 414, 442 

Propylene, normal, heat of com 
bustion, 369, 392, 441 

dentin, ony omnen— FTISEEGIS 369, 397 


399, 441 : 
Propyl formate, heats of combustio! 

and formation, 374, 407, 443 
Pseudocume, heats of combustion 

and formation, 369, 395, 441 
Pyridene, constitution, 431, 450, 459 
——, heat of combustion, 376, 444 
—}; — — formation, 376, 430, 43%, 


444 a 
Pyrophosphoric acid, heat of neutrali 
zation, 96, 99, 100 
Pyrosulphuric acid, heats of formation 
and solution, 47, 76, 249° 


INDEX 


R 
Reciprocal decompositions, thermal 
effect, 114, 118, 129 
Reducing action of hydracids, 338 
“ Right of the stronger,” 4, 203, 334, 
35! 


) 


Selenic acid, heat of formation, 21s, 
228, 250 

; — neutralization, 96, 
97, 109, 250 

—_ — , — solution, 216, 250 

, relative avidity, 153 

Selenious acid, heat of formation, 214, 
250 


— neutralization, 96, 
98, 109, 250 

Selenium, densities of allotropic modi- 
fications, 231 

dioxide, heat of formation, 215, 

246, 250 

——, —— — solution, 47, 215, 

250 

monochloride, heat of formation, 

234, 246, 250 

; — hydrolysis, 344 

— tetrachloride, heat of formation, 
215, 234, 246, 250 

—, — — hydrolysis, 235, 
250; 344 

Silicie acid, basicity, 106 

—— ——,, heat of neutralization, 96, 
98, 106 

—— ——,, relative avidity, 153 

Silicon tetrachloride, heat of hydroly- 
Sis, 47, 58, 344 ; 

Silver bromide, heat of formation, 
284, 318 

i — solution, 57, 137 

carbonate, heat of formation, 
306, 326 

— chloride, heat of formation, 284, 
317 


—, — — reaction with 
halogen acids, 323 

— solution, 57, 137 
cyanide, heat of formation, 312, 
320 


dithionate, heats of formation 
and solution, 52, 326 

— iodide, heat of formation, 284, 319 

—— ——, — — solution, 57, 137 

nitrate, heat of formation, 324, 


325 ; ; 
, —— — reaction with alka- 
lies, 117 


acids, 323, 328 


| Silver nitrate, 


491 


heat of solution, 52, 


284, 324 
oxide, 


heat of formation, 284, 
321 

— —, —— — neutralization, 120, 
T22, 294, 136, 284, 322 

—— sulphate, heat of formation, 323, 
325 

— , —— — reaction with alka- 

lies, 117 


,—— — solution, 52, 284, 


2 


3} 

sulphide, heat of formation, 309, 
322 

Single decompositions, thermal effect, 
116 

Sodium acetate, density and molecu- 
lar heat of solutions, 164 

, heats of dilution and solu- 
tion, 49, 87 

—— borate, heat of solution, 49 

—— bromide, heat of formation, 318 

—— -——, —— — hydration, 62 

ey oe SONMOM, (AG, (50; 
318, 363 

carbonate, density and molecular 
heat of solutions, 163 

—— ——,, heat of dilution, 88 

— formation, 306, 


326 
——,,—— — hydration, 62, 64, 

68 
ee SOLITON mA Ore 

88 


—— chloride, density and molecular 
heat of solution, 162 
——,, heat of dilution, 


87, 178, 
317 ; 

—— ——, —— — formation, 259, 317 

, —— — reaction with sul- 

phuric acid, 118, 142, 144 

: — solution, 49, 56, 


87, 363. ; 
dithionate, heat of formation, 


326 

——, —— — hydration, 62 

— solution, 49, 326 

— hydrogen phosphate, heat of 
hydration, 62, 63, €7 

— —— — ,, —— — solution, 49, 


63 
—— sulphate, heat of dilution, 
88, 90 
— — —, — — formation, 
328 
— — — _, —— — solution, 49, 
88, 90, 328 


— hydrosulphide, heat of formation, 
322 

—— hydroxide, density of solution, 
162 


492 ‘ 

Sodium hydroxide, heat of dilution, 
83, 178 

— —, — — formation, 258, 
321 

— ——, —— — neutralization, 115, 
120, 122, 123, 125, 168, 171 

— —, — — solution, 49, 83, 
259 


—— ——, molecular heat of solutions, 
162, 166 

— hypochlorite, heat of formation, 
328 

—— iodide, density and molecular 
heat of solutions, 164 

—— ——.,, heat of dilution, 88 

—-— ——, ——: — formation, 319 

— —, —— — hydration, 62 

— —, — — solution, 49, 56, 
88, 319, 363 

—— nitrate, density and molecular 
heat of solution, 163 

—— ——,, heat of dilution, 86 

——, —— — formation, 324, 


325 ; : 

; — reaction with sul- 
phuric acid, 142 
— solution, 49, 56, 


SO 


86, 275, "324 
— oxide, heat of formation, 321 
—— platinibromide, heat of hydra- 


tion, 62 


puis — — solution, 52, 56, 

a 319 
; oe, and properties, 

2098, 3 

we ietinsablontelG, heat of formation, 
300, 318 

—— ——, —— — hydration, 62, 64, 
69 

— ——, — — solution, 52, 56, 
64, 299, "318 

— pyrophosphate, heat of hydra- 
tion, 62, 63, 67 

— ——, —— — solution, 49, 63 


—— sulphate, density and molecular 
heat of solutions, 163 
—— ——-,, heat of dilution, 87, 90, 


178 

— —, — — formation, 323, 
325 

— —, — — hydration, 62, 64, 
68 

—— —, — — reaction with acids, 
118, 142, 143, 144, 145 

——— —,, —— — —- — alkalies, 
117 

——$-_ ——, — — — — barium 


salts, 118, 119 
— —, —— — solution, 49, 56, 64, 


87, 90, 275, 323 ; 
— sulphide, heat of formation, 322 


INDEX 


Sodium thiosulphate, heats of forma- 
tion and solution, 49, 328 


| Specific heat and density, relation 


between, 165 

—— heats of solutions, 158 e/ seg. 

— ——, dependence of 
thermal effect upon, 169 

Stannic acid, heat of neutralization, 96 

— chloride, heat of formation, 270, 
317 

— —, —— — solution, 47, 52, 58, 


317 ; : 
—— hydroxide, heat of formation, 


321 
Stannous chloride, heat of formation, 
270, 317 


—- — —— — 


hydration, 62 
solution, 52, 57, 


317 

— hydroxide, heat of formation, 
321 

Status quo, maintenance, 203, 32T 

Strontium, heat of oxidation, 262 

—— bromide, heat of formation, 318 

— —, —— — hydration, 62, 64, 
69, 

—j\—, — -- solution, 50, 57, 
58, 64, 318, 363 

—— carbonate, heat of decomposition, 


358 ; 
— —, — — formation, 306, 


326 

— chloride, heat of formation, 26r, 
317 

— — , — hydration, 61, 62, 
64, 69, 362 

— — reaction with so- 
dium sulphate, 119 

— —, — — solution, 50, 57, 
58, 64, 317, 362, 363 : 

—— dithionate, heat of formation, 


326 


— —, — — solution, 50, 326, 
363 : 

— hydroxide, heat of formation, 
321 

— —, — — neutralization, 115, 
120, 122, 125, 261 

— —,— — solution, 50, 138, 
261, 262 

—— iodide, heats of formation and 
solution, 319 

—— nitrate, heat of decomposition, 


359 


— —, — — formation, 324, 
325 7 

— —, — — hydration, 62, 362 

—— — , heats of solution and dilu- 
tion, 86 

— oxide, heat of formation, 262, 
321 


INDEX , 


Strontium oxide, heat of hydration, 
261, 361 

oe See SSO lution, sso, 261 

sulphate, heat of formation, 323, 

325 


; — solution, 137 

—— sulphide, heat of formation, 322 

Succinic acid, heat of neutralization, 
96, 98 

Sulphates, heats of formation, 323, 
325 


» ———— — reaction with barium 

_ Salts, 118, 119 

Sulphides, heats of combustion, 375 

a — formation, 322, 375, 436 

Sulphocyanides, heats of combustion 
and formation, 375, 436 

Sulphur, densities and specific heats 
of allotropic modifications, 231 

» heat of combustion, 210, 435 


—, — — conversion of amor- | 


phous into crystalline, 195 

—, ~— fusion, 212 

—— compounds, constitution, 435, 
459 


—— ——, heats of combustion and | 


formation, 375, 435 
—— dioxide, heat of condensation, 


53) 249, 353 
[= ——; —— — formation, ero, 
246, 249 
} ——— — Solution, 46, 47, 
53, 210, 249 


monochloride, heat of formation, 

234, 246 

——, —— — hydrolysis, 344 

—— trioxide, heat of formation, 212, 
246, 249 

, —— — hydration, 249 

—— ——, —— — solution, 47 

sist saa acid, density of solutions, 
161 

—— —, heat of dilution, 75, 177, 178 

fa oa GISsOnlation, 77 

— -—,, ——. — formation, 76, 211, 
216, 228" 249 é 

a nentralization,..66, 
97, 109, II5, 116, 120, 121, 125, 127, 
136, 168, 171 

js at — Solution, 47, 75, 
175) 249 

-—— ——, molecular heat of solution, 
161, 166 

= kelative avidity, 158 

—— ——, Solution of metals in, 352 

Sulphurous acid, heat of formation, 
212, 249 

——, —— — neutralization, 96, 
98, 109, 249 

Sulphuryl chloride, heat of solution, 47 

—— —,, —— — formation, 250 


493 
T 


Tartaric acid, density and molecular 
heat of solutions, 162 

—— ——, heat of neutralization, 96, 
98, Log 


, heats of solution and dilu- 

tion, 48, 83 

, relative avidity, 153 

Telluric acid, heat of formation, 216, 
251 

Tellurium tetrachloride, heat of for- 
mation, 234, 246, 251, 318 

as NVOTOL SIS, 45) 285, 
251, 318, 344 

Tellurous acid, heat of formation, 216, 
251 


| —— hydroxide, heat of formation, 321 


Temperature, influence on heat of 
dilution, 176 

—, —— — — — neutralization, 
167 e¢ seq. 


| ——, ——- — —_ —_ solution, 173 


==) = Luermal etiect, 157 

Tetrachlorethylene, heat of com- 
bustion, 370, 442 

——, —— — formation, 239, 246, 255, 
379 412, 442 

Tetrachlormethane, heats of com- 
bustion and formation, 370, 412 

Tetramethylammonium hydroxide, 
heat of neutralization, 116, 121, 
12 

Tetramethylmethane, heat of com- 
bustion, 369, 379, 392, 441 


—, —— — formation, 369, 397, 399, 
441 

Tetrathionic acid, heat of formation, 
213, 250 

Thallic bromide, heat of formation, 
277, 318 


hydroxide, heat of formation, 
276, 321 

——, —— — neutralization, 276 
Thallium, heat of oxidation, 277 
Thallous bromide, heat of formation, 


277, 318 
—— ——, —— — solution, 57, 136, 


137 : 
—— chloride, heat of formation, 277, 
317 


—— , ——  — solution, 52, 57, 
135, 136, 137, 275, 317 

es hydrosulphide, heat of forma- 
tion, 322 ; 

— hydroxide, heat of formation, 321 

—— ——, —— — neutralization, 115, 
120, 125, 135, 136, 276 

— ——, —— — solution, 52, 275 

— iodide, heat of formation, 277, 


319 


re 4 


a 
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Se ret iodide, heat of solution, 57, 


6, 137 
— a Ae heat of formation, 310, 
3745 os 
ad —— — reaction with hy- 
dracids, 310, 323, 328 
» —— — solution, 52, 56, 


275, 324 why 
oxide, heat of formation, 276, 


321 

—, —— — hydration, 275 

—_— —, ——"— _ neutralization, 122, 
322 

— —-, —— — Solution, s2, 275 

—— sulphate, heat of formation, 323, 
325 

— —,, —  — reaction with alka- 


lies, 117 

——, —— — solution, 52, 56, 
2751 323 

sulphide, heat of formation, 309, 
310; 322 | 


Thermal effect, definition of, 2, 4 

Thermochemical constants, 384 e¢ 
S€q., 395,448 

Thiophene, constitution, 437, 450, 459 

——, heats of combustion and forma- 


tion, 375, 436, 443 ; 
Thiosulphuric acid, heat of formation, 


249 
Titanic chloride, heat of hydrolysis, 344 
——, —— —,solution, 47, 58 
Toluene, heat of combustion, 369, 
395) 441 


399, 441 ee 
‘Toluidine, heat ofmeutralization, 121, 
ney 
Trichloracetic acid, heat of neutrali- 
zation, 95 
, relative avidity, 153 
Triethylamine, constitution, 426 
——., heat of combustion, 376, 444 
——, —— — formation, 376, 425, 430, 


, —— — formation, 369, 


444 
Triethylstibine oxide, heat of neutrali- 

zation, 116, 121 
Triethylsulphonium hydroxide, heat 

of neutralization, 116, 121, 125 
—— iodide, heat of solution, 48 
Trimethylamine, constitution, 426 
—, heat of combustion, 376, 444 
——, —— — formation, 376, 425, 430, 


444 — 
—— — neutralization, 116, 121, 


127, 428 aN 
Trimethyl carbinol, constitution, 4or 
, heat of combustion, 372, 


442 ; 
— ——, —— — formation, 372, 400, 


442, 467 


INDEX 


Trimethylene, constitution, 450 

——, heats of combustion and forma- 
tion, 369, 441, 450 

Trimethylmethane, heat of combus- 
tion, 369, 379, 392, 441 

——, —— — formation, 369, 307, 
399) 4 

Tiigisteyieneltscteyd ether. See Methyl 
orthoformate 

Trithionic acid, heat of formation, 213 


Uo Que" 
Units, 7, 378 
Universal burner, 19 


Unsaturated hydrocarbons, heats of 
combustion and formation, 369 -_ 


Vv P > 


Valencies of “carbon, identity of, 379, 
446 - ¥ 


W 
Water, decomposition by metals, 349 
—-, heat of formation, 193, 195, 245) 
246 
—— vapour, heat of solution, 46 ~ 


¥ 


Yttrium hydroxide, heat of neutrali- 
zation, 121, 130 

sulphate, heat of reaction with 

alkalies, 117 

—, — — — — _ barium 
salts, 119 

— —, — — solution, 50 


Zz > 


Zine acetate, heats of dilution ‘and 
solution, 87 

—— bromide, heat of formation, 318 

ae solution, 51, 59, 
318, 363 

oa chloride, heat of dilution, 85, 87 

—- —, — formation, 263, 


_ 265) 317 


— — reaction with 

~ sulphuric acid, 118, 144 

— — solution, 51, 59, 
85, 87, 317, 363 é; 

— cyanide, heats of formation and 
solution, 314, 320 

—— dithionate, heat of formation, 326 


* 


INDEX 495 
Zinc dithionate, heat of solution, 51 Zine sulphate, density and molecular 
— hydroxide, heat of formation, heat of solutions, 164 
265, 321 — —, —— — dilution, 86 
’ — neutralization, 120, | ——- ——, —— — formation, 324, 325 
122, 129, 130, 267 —— —, —— — hydration, 62, 66, 
‘ — solution, 138 70 
—— iodide, heat of formation, 319 —-- ——, —— — reaction with acids, 
— —, — — solution, 51, 59, 118, 144, 148 
319, 363 — — , — — — — alkalies, 
—— nitrate, heat of dilution, 86 117 
——, —— — formation, 310, 324, | ——-—~, —— — —— —— barium 
325 : P salts, 118, 119 , 
— reaction with | —— , — — solution, St 66, 
Shure hydrogen, 310, 328 86, 324 
— ——, —— — solution, 51, 86, | —— sulphide, heat of formation, 309, 
324 310, 322 
THE END 
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